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Abstract 
 

The Alpine Fault is a major plate boundary structure, which accommodates up 
to 50-80% of the total plate boundary motion across the South Island of New Zealand. 
The fault has not ruptured historically although limited off-fault shaking records and 
on-fault dating suggest large to great (~ Mw 8) earthquakes (every ~100-480 years; 
most recently in 1717), making it potentially one of the largest onshore sources of 
seismic hazard in New Zealand. The central section of the Alpine Fault, which bounds 
the highest elevations in the Southern Alps, is one of the most poorly characterised 
sections along the fault. On-fault earthquake timing in addition to the amount of 
dextral slip during major earthquakes was unknown along a 200-km-long section of 
the central Alpine Fault, while the amount of co-seismic hanging wall uplift was 
poorly known, prior to the present work.  

 
In this thesis I address these knowledge gaps through a combination of light 

detection and ranging (lidar), field, and stratigraphic mapping along with sample 
dating to constrain earthquake timing, style of faulting, and hanging wall rock uplift 
rates. Using lidar data coupled with field mapping I delineated the main trace of the 
Alpine Fault at Gaunt Creek as a north-striking fault scarp that was excavated and 
logged; this is part of a 2-km-wide restraining bend dominated by low-angle thrust 
faulting and without the clear strike-slip displacements that are present nearby (<5 km 
distant along strike in both directions). Where exposed in this scarp, the fault-zone is 
characterized by a distinct 5-50 cm thick clay fault-gouge layer juxtaposing hanging 
wall bedrock (mylonites and cataclasites) over unconsolidated late-Holocene footwall 
colluvium. An unfaulted peat at the base of the scarp is buried by post-most recent 
event (MRE) alluvium and yields a radiocarbon age of A.D. 1710–1930, consistent 
with sparse on-fault data, validating earlier off-fault records that suggest a 1717 MRE 
with a moment magnitude of Mw 8.1 ± 0.1, based on the 380-km-long surface rupture.  

 
Lidar and field mapping also enabled the identification and measurement of 

short (<30 m), previously unrecognized dextral offsets along the central section of the 
Alpine Fault. Single-event displacements of 7.5 ± 1 m for the 1717 earthquake and 
cumulative displacements of 12.9 ± 2 m and 22 ± 2.7 m for earlier ruptures can be 
binned into 7.1 ± 2.1 m increments of repeated dextral (uniform) slip along the central 
Alpine Fault. A comparison of these offsets with the local paleoseismic record and 
known plate kinematics suggests that the central Alpine Fault earthquakes in the past 
1.1 ka may have: (i) bimodal character, with major surface ruptures (!Mw 7.9) every 
270 ± 70 years (e.g. the 1717 event) and with moderate to large earthquakes (!Mw 7) 
occurring between these ruptures (e.g. the 1600 event); or (ii) that some shaking data 
may record earthquakes on other faults. If (i) is true, the uniform slip model (USM) 
perhaps best represents central Alpine Fault earthquake recurrence, and argues against 
the applicability of the characteristic earthquake model (CEM) there. Alternatively, if 
(ii) is true, perhaps the fault is “characteristic” and some shaking records proximal to 
plate boundary faults do not necessarily reflect plate-boundary surface ruptures. 
Paleoseismic and slip data suggest that (i) is the most plausible interpretation, which 
has implications for the understanding of major plate-boundary faults worldwide.  
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Abstract – continued 
 
Field mapping, geological characterisation, geophysical mapping, and 

optically stimulated luminescence (OSL) dating of on-fault hanging wall sediments 
were used to better constrain the geometry and kinematics of Holocene deformation  
along the rangefront of the Southern Alps at the Alpine Fault near the Whataroa 
River. The fault here is dextral-reverse, although primarily strike-slip with clear fault 
traces cutting across older surfaces of varying elevations.  Deformational bulges are 
observed along these traces that are likely thrust-bounded. A terrace of Whataroa 
River sediments was found on the hanging wall of the Alpine Fault approximately ~ 
55-75 m (when considering uncertainties) above the floodplain of the Whataroa River. 
OSL ages for a hanging wall sediments of 10.9 ± 1.0 ka for the aforementioned 
terrace, 2.8 ± 0.3 ka for Whataroa River terrace deposits in a deformational bulge, and 
11.1 ± 1.2 ka for a rangefront derived fan indicate Holocene aggradation along the 
rangefront and hanging wall uplift rates of 6.0 ± 1.1 mm/yr. The sub-horizontal, 
laterally continuous, and planar-bedded Whataroa-sourced terrace deposits suggest 
that the adjacent bounding faults are steeply-dipping faults without geometries in the 
shallow subsurface that would tend to cause sedimentary bed rotation and tilting.  
 

Using data from the approximately 100-m deep pilot DFDP boreholes together 
with lidar and field mapping, I present a review of the Quaternary geology, 
geomorphology, and structure of the fault at Gaunt Creek, and estimate new minimum 
Late-Pleistocene hanging wall rock uplift rates of 5.7 ± 1.0 mm/yr to 6.3 ± 1.1 mm/yr 
(without considering local erosion) that suggest that the Southern Alps are in a 
dynamic steady state here. GPS-derived “interseismic” vertical uplift rates are < 1 
mm/yr at the Alpine Fault, so the majority of rock uplift at the rangefront happens 
during episodic major earthquakes, confirming with on-fault data that slip occurs 
coseismically. Notably the uplift rates from both Mint and Gaunt Creek are consistent 
between the two sites although the primary style of faulting at the surface is different 
between the two sites, suggesting consistent coseisimc uplift of the Southern Alps 
rangefront along the Alpine Fault in major earthquakes. 

 
This thesis collected new on-fault datasets that confirm earlier inferences of 

plate-boundary fault behaviour. This study of the high-uplift central section of the 
Alpine Fault provides the first on-fault evidence for the MRE (i.e. 1717) and repeated 
of dextral slip during the MRE and previous events as well as new hanging wall uplift 
data which suggests that the majority of rangefront uplift occurs in earthquakes along 
the Alpine Fault. Because the fault has not ruptured for ~300 years, it poses a 
significant seismic hazard to southern New Zealand. 
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Prologue to the Thesis 

 

I. Scientific context 

 Earthquakes are seismic waves generated through the sudden release of elastic 

strain energy in the Earth’s crust during rapid slip along faults. Major faults which lie at 

the boundaries between tectonic plates tend to accommodate high proportions of relative 

plate motions and thus have correspondingly higher rates of stress and strain 

accumulation, and higher slip-rates, than smaller faults, which leads to large and 

damaging earthquakes when large faults slip and release this stored energy. In order to 

better understand the size and effects of earthquakes along major fault zones, neotectonic 

and paleoseismic studies are required. Neotectonics is “the study of geologically recent 

motions of the Earth’s crust, particularly those produced by earthquakes, with the goals 

of understanding the physics of earthquake recurrence, the growth of mountains and the 

seismic hazard embodied in these processes” (University of Nevada, Center for 

Neotectonic Studies), and its sub-discipline, paleoseismology,  “the study of prehistoric 

earthquakes, especially their location, timing, and size” (McCalpin, 2009), are undertaken 

to better characterize faults as seismic sources. Evidence for these paleo-earthquakes can 

be divided into on- and off-fault data; on-fault data provide evidence for a surface rupture 

at a specific location whereas off-fault data provide evidence for paleo-strong ground 

motions.  

The Alpine Fault, on the South Island of New Zealand, is one of the Earth’s major 

continental plate-boundary faults, and has not ruptured during the short historical period 

of New Zealand (since 1840). Understanding of this fault has hitherto been largely based 
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on off-fault data. In considering the occurrence, magnitude, style of faulting, and uplift 

during major earthquakes along the Alpine Fault, this thesis describes the acquisition of 

newly acquired on-fault data, their analysis and implications. 

 

II. Context of the thesis and influence of the Canterbury earthquake sequence 

(CES) 2010-present 

The thesis investigates data from prehistoric earthquakes to better understand 

seismic hazards and the effects of earthquakes along New Zealand’s Alpine Fault. 

Neotectonics and geohazards related to the effects of earthquakes have always been of 

interest to me, and was the topic I wanted to pursue for my PhD research; coincidentally I 

have been exposed first-hand to real-time geohazards during the Canterbury earthquake 

sequence (CES) from 2010-present. I accepted a New Zealand International Doctoral 

Research Scholarship (NZIDRS) from Education New Zealand to study at the University 

of Canterbury (UC) with the intention of working on earthquakes and active faults, with 

the Alpine Fault in New Zealand as my focus, in particular related to the Deep Fault 

Drilling Project (DFDP), and also the East African Rift in Mozambique under the Senior 

Supervision of Prof. Tim Davies and the co-supervision of Dr. Mark Quigley. Coming 

directly to New Zealand from northern California, where I was privileged to work with 

several leading active tectonics experts there that Dr. Bill Lettis employed at his 

consultancy, William Lettis and Associates (WLA) and later Fugro WLA (FWLA), I was 

happy to note that the Christchurch area had some of the lowest seismic hazard of any 

area on the South Island of New Zealand. Even with proper planning however, external 

factors ensure that life does not always go as expected and this thesis is an excellent 
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example of that. This section of the prologue is designed to outline the unusual context of 

this thesis related to the recent major earthquakes here in Canterbury, New Zealand. 

In early 2010 I started my research on the Alpine Fault at the University of 

Canterbury and began planning for fieldwork in Africa; however on 4 September 2010 a 

major earthquake occurred in the Canterbury region, the Mw 7.1 Darfield earthquake 

along the previously unknown Greendale fault, and this delayed my trip to Africa. Co-

seismic rockfall, landslides (Harper Hills with fellow postgraduate Tim Stahl), and fault 

rupture fieldwork along the Greendale fault, in addition to my other research, was 

sufficient reason and opportunity to keep me from flying abroad to study earthquakes and 

earthquake effects (Figure P1: note all photographs presented in this thesis were taken by 

me, except where credit to other photographers is noted). Not many people get to 

experience thousands of aftershocks during their PhD on earthquakes and earthquake 

effects, and this helped to put everything in perspective.  
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Figure P1: Field photograph taken whilst mapping of a co-seismic landslide in the 

Harper Hills with Tim Stahl near the Greendale Fault after the September 4th, 2010 

Darfield Earthquake in the foothills of the Southern Alps, Canterbury. 

 

My Alpine Fault research continued during this period (trips to the West Coast 

gave me a break from continuing aftershocks in Canterbury). This included mapping and 

field validation of light detection and ranging (lidar) data along the Alpine Fault and site 

characterization at Gaunt Creek near proposed DFDP-1 borehole locations in advance of 

drilling. Field mapping near Gaunt Creek led to the discovery of a new outcrop of the 

Alpine Fault where a previously unmapped fault scarp was visible (a fault scarp visible in 

the lidar which intersected a young terrace riser). A number of weeks were spent 

conducting fieldwork including field mapping, test pit logging, and multichannel analysis 
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of surface wave (MASW) surveys with my fellow UC postgraduate student Andrew 

Klahn who was working on his MSc on the site characterization of the DFDP-2 sites in 

the Whataroa Valley (Figure P2).   

 

 
Figure P2: Field photograph of a MASW survey in the Whataroa Valley near the Alpine 

Fault with the Whataroa River in the background. 

 

Fieldwork in January and February of 2011 included excavation and detailed 

logging of the new Alpine Fault exposure at Gaunt Creek where Dr. Rob Langridge of 

GNS Science and I exposed Pacific Plate hanging wall rocks overthrusting Quaternary 

footwall alluvium (Chapter 2). Upon completion of the logging of the new exposure 

(Figure P3), fieldwork started in support of the DFDP-1 drilling project at Gaunt Creek.  
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Figure P3: Fieldwork on the new exposure of the Alpine Fault at Gaunt Creek (the 

Gaunt Creek “Trench”; Chapter 2; De Pascale and Langridge, 2012). Photograph by 

Victoria Ewing. 

 

During DFDP, drilling was undertaken 24 hours a day at Gaunt Creek led by Dr. 

Rupert Sutherland (GNS Science), and I was fortunate to be on the core logging team at 

both DFDP-1A and DFDP-1B when these boreholes encountered the principal slip 

surface (PSS) of the Alpine Fault (Figure P4 and Figure P5).  
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Figure P4: Field photograph of the DFDP-1 sites at Gaunt Creek with the rangefront of 

the Southern Alps in the background.  

 

 
Figure P5: Field photograph of the DFDP1-A drilling team (author on the far right) 

immediately after recovery of the core that contained the principal slip surface of the 

Alpine Fault with hanging wall rocks overthrusting alluvium. Photo by Nic Barth. 
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We logged, photographed, and documented the core as it came out of the 

boreholes (addressed in Chapter 5 of this thesis). After six weeks of fieldwork on the 

West coast of the South Island of New Zealand I returned to the University of Canterbury 

on Feb 13th to analyze these data.  

 Nine days later, February 22 of 2011 was a life-altering day for me, as for most 

people living in Christchurch. This day found me in my office on the 4th floor of the 

University of Canterbury’s Von Haast Building working on my PhD. As we had been 

having aftershocks almost daily since 4 September, I was not surprised when my desk 

started shaking, but after a few seconds it became clear that was no ordinary aftershock. 

My office mate Cristian Vasquez attempted to walk to the safety of the doorframe but 

was unable to. I dove under my desk and held on as the bookshelves around me sent their 

contents to the floor. I could hear yelling. My desk was shaking so violently that my arms 

began to cramp from holding on and it seemed to shake forever. But the earthquake 

stopped after a very long 30 seconds, and the building was still standing. I quickly packed 

up my research, maps, laptop, and some papers and threw it in my bag and went outside 

with Cristian before the first of thousands of aftershocks began. As in any emergency 

there was a lot going on, sirens, mis-information, mobile networks down, and horrible 

traffic. I drove back towards my home in the Port Hills, taking side roads in stop-and-go 

traffic that caused a 20 minute drive to take 2.5 hours. As I neared the Port Hills, 

Christchurch’s southern suburbs on the northern part of Banks Peninsula, water was 

pouring from the ground (liquefaction) along the roads, areas were flooded, and abundant 

cracks gave evidence of lateral spreading along the Heathcote River. Collapsed buildings 

and cliffs with co-seismic rockfall were apparent with boulders in the road, broken homes 
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and collapsed retaining walls. Seeing the direct effects of strong ground motions on an 

urban area was disturbing to say the least. However, to my huge relief my house was still 

standing when I got back to Mt. Pleasant and my partner Victoria was fine. It was 

amazing to see the hundreds of new sand boils/mud volcanoes that had emerged in the 

Estuary during the event (Figure P6 and Figure P7). As the Estuary is tidal, much of this 

evidence was washed away during the next high tide that evening.  

 
Figure P6: Sand blows in the Heathcote Estuary, Christchurch taken a couple of hours 

after the Mw 6.3 Christchurch earthquake on Feb 22, 2011. Note seagulls for scale. 

 
Figure P7: Sand blows near McCormicks Bay Road with camera case for scale. 
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It was strange to look towards the city from Mt. Pleasant and see thick smoke 

from fires. As one of my good friends was pregnant, I drove along the edge of the Port 

Hills to Sumner to check on her and was astonished by the amount of coseismic rockfall 

that had crushed homes near the cliffs (Figure P8) and also in the roads (Figure P9).  

 
Figure P8: Coseismic rockfall on Feb 22nd, 2011 in Redcliffs, Christchurch. 

 
Figure P9: Coseismic rockfall in the main road to Sumner Beach on Feb 22nd, 2011. 

Note the spray-paint that someone painted on the rockfall with to warn drivers. 
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My friends in Sumner were fine but without power, as was most of the City of 

Christchurch. That night, without power or water, I tried to sleep through the seemingly 

never-ending string of aftershocks, and eventually unable to sleep, got up to watch the 

fires burning in the otherwise pitch-dark city’s CBD in the distance. 

 The next day, further evidence of the earthquakes was documented via a walk 

through Ferrymead with the effects of liquefaction clearly visible (Figure P10).  

 
Figure P10: Photograph from Ferry Road, Ferrymead, Christchurch looking towards the 

Port Hills with clear evidence of liquefaction.  

 

I spoke with my Supervisor Prof. Tim Davies about rockfall reconnaissance and 

hazard mapping and we met with colleagues from the University of Canterbury, the 

Christchurch City Council, Local Industry, and GNS, forming the proto-Port Hills 

Geotechnical Group (PHGG). We knew that with the ongoing aftershocks mapping and 
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characterisation of existing rockfall would be important to keep people out of harm’s 

way. We therefore divided the Port Hills suburbs into regions and split up into PHGG 

teams and mapped rockfall occurrence, source areas, and landslides over the next two 

weeks, along lifelines and in specific neighborhoods, each evening reporting back our 

results at Civil Defense headquarters and helping to determine communities that required 

evacuation based on continued rockfall hazards (Figure P11-P13).  

 
Figure P11: Coseismic rockfall and rockfall source area in Morgan’s Valley, Heathcote, 

Christchurch. 
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Figure P12: Field photograph from Evans Pass Rd, one of three lifeline routes from 

Christchurch to the port of Christchurch in Lyttleton Harbour. 

 
Figure P13: Field photograph from Morgan’s Valley, Heathcote of “Rocky”, a 

coseismically-displaced boulder that was later sold for $60,000. This money was donated 

to the Canterbury earthquake recovery fund. 
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Portions of this fieldwork were documented as part of the Geotechnical Extreme 

Events Reconnaissance (GEER) of the 22 February earthquake effects (Cubrinovski et 

al., 2011a). Results of these rockfall and landslide investigations were later published 

(Dellow et al., 2011), as were the overall geotechnical effects of the Christchurch 

earthquake (Cubrinovski et al., 2011b). The University of Canterbury was closed for two 

months after the 22 Feb earthquake and for 6 weeks of this time my home was without 

power, water, or sewage, however I continued to contribute to the earthquake 

investigations and response regionally. Thesis research naturally took a back seat during 

this period. 

 Both the Greendale fault and the Port Hills fault were previously unknown 

seismic sources, and the latter caused extensive damage and 186 deaths in Christchurch. 

With ongoing aftershocks (up to Mw 6) on other previously unknown faults throughout 

the city of Christchurch and within Canterbury, the characterization of these previously 

unknown seismic sources became an important short-term objective. The New Zealand 

Government paid for a Vibroseis truck to be shipped from the University of Calgary in 

Alberta, Canada to Canterbury for the purpose of mapping faults within the City of 

Christchurch and the surrounding environs. Coordinated by Southern Geophysical 

Limited (SGL) under Dr. Mike Finnemore and Prof. Donald Lawton from the 

Consortium for Research in Elastic Wave Exploration Seismology (CREWES) at the 

University of Calgary, I (along with most of the post-graduate students in Geological 

Sciences at the University Canterbury worked for over a month on the collection of over 

30 km of active source 2-D seismic lines through the city and Canterbury) to better 

characterize these seismic sources (Figures P14 & P15).  
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Figure P14: Field photograph with a geophone juxtaposed with the earthquake-damaged 

Catholic Cathedral, Barbadoes Street, Christchurch. 

 
Figure P15: Field photograph showing the University of Calgary’s Vibroseis rig on the 

New Brighton Beach, Christchurch whilst collecting seismic data on CES active faults. 



Prologue to the thesis 
 

 16 

Upon completion of active source seismic surveys in Canterbury, Dr. Darren 

Gravley (University of Canterbury) put me in contact with Prof. Yong-Gang Li from the 

University of Southern California (USC) to talk about a passive source seismic survey of 

aftershocks during the Canterbury Earthquake Sequence. Prof. Li was interested in 

installing a U.S. NSF Rapid Array Mobilization Program (RAMP) array of seismometers 

along the Greendale and Port Hills faults to record aftershocks and document fault zone 

trapped waves (FZTWs). Prof. Li and I designed and installed two arrays of 

seismometers in Canterbury, one along the surface trace of the Greendale fault, and one 

along the approximate surface projection of the blind Port Hills fault (Figure P16).  

 
Figure P16: Prof. Yong-Gang Li (USC), and Jess Cherrington (IESE) installing a Reftek 

seismometer on the Greendale fault at Highfield Rd. Note the ~ 5 m dextral displacement 

of the fence and spruce trees behind Prof. Li from the September 4, 2010 earthquake. 
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The arrays we designed and installed recorded over 800 aftershocks including the 

13 June 2011 Mw 6 aftershock. We also documented the reduction in velocity within the 

fault zone, on-fault data, using FZTWs and the connection between the Greendale and 

Port Hills faults. Publications arising from this research are in press (Li et al., 2013) and 

currently in review (Li et al., In Revision), but do not form a substantive part of this 

thesis.  

 Several trips over the Southern Alps from Christchurch to field sites along the 

Alpine Fault for mapping and sample collection took place between mid-2011 and 

September 2013. Whenever decent weather was forecast for the coastal rainforest of the 

West Coast, I would book the University of Canterbury’s Hari-Hari Research Station 

which is ~ 3 km away from the central Alpine Fault. 

 One additional fieldwork expedition was sponsored by my Senior PhD 

Supervisor, Prof. Tim Davies, during my PhD where a research team from the University 

of Canterbury, Dr. Natalya Reznichenko, PhD Candidate Tom Robinson and I went to 

Central Asia. We conducted a month of fieldwork in Southern Kyrgyzstan in August 

2012 looking at co-seismic landslides in the Pamir Mountains. There I mapped faults, 

mapped sections, and collected a number of samples for age control and geological 

characterization of rock avalanches in the Pamir Mountains that are faulted and likely 

caused by earthquakes along the Main Pamir Thrust at the northernmost section of 

deformation related to the same Indo-Australian plate that I work on in New Zealand.    

Needless to say, several non-Alpine Fault, however directly earthquake- and 

active fault-related endeavors within New Zealand and further abroad unexpectedly 

became part of my PhD research and learning experience.  
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The Christchurch rebuild ($40 Billion NZD, 2013) continues to demonstrate to 

the global community that there are high financial costs directly related to earthquake 

geohazards. This should be a blatant reminder about the importance of accurate seismic 

source characterizations and the development of earthquake mitigation strategies. Over 

10,000 homes in Canterbury require demolition due to earthquake damage, but many 

remain standing as of the end of September 2013, often untouched since February 22, 

2011, leaving ample empty evidence for Cantabrians and visitors alike of the effects of 

earthquakes and the forthcoming rebuild. Aftershocks along both the Greendale and Port 

Hills faults are not uncommon as of September 2013, with the occasional shallow 

magnitude 4 earthquake (e.g. Mw 4.1 – 21 September, 2013) that shake our homes and 

offices, reminding us that plate deformation has not stopped just because we are ready to 

move on. 
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Chapter 1 - Introduction to the Thesis and New Zealand’s Plate Boundary Alpine 
Fault 
 

 

1.1 Abstract 

This chapter is an introduction to New Zealand’s plate boundary and provides an 

overview of the state of the knowledge regarding the Alpine Fault. A discussion of the 

fieldwork environment along the central Alpine Fault, which forms the rangefront of the 

Southern Alps, and the main focus of fieldwork during this study is also touched upon. 

The structure of the thesis is outlined and the scientific contributions arising from this 

thesis summarised. Finally, uncertainties in Alpine Fault behavior and fundamental data 

gaps are outlined before being addressed in subsequent chapters of this thesis. 

 

1.2 New Zealand overview 

New Zealand is the sub-aerial landmass of the continent of Zealandia and is 

composed of three main islands, the North Island, South Island, and Stewart Island; the 

rest of the continent (90%) is currently submerged under the Southern Pacific Ocean and 

the Tasman Sea. New Zealand is located at the interface between the Pacific and 

Australian tectonic plates, the relative plate motions between which are 35-40 mm/yr 

(Figure 1.1; DeMets 1994, 2010).  
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Figure 1.1: The tectonic setting of New Zealand. Figure shows the bathymetry and 

topography of New Zealand, the Alpine Fault (in red) that connects the two plate-

boundary subduction zones, and the Zealandia Continent that is 90% submarine 

(background image compiled by the National Institute of Water and Atmospheric 

Research of New Zealand, NIWA). 

 

The plate kinematics of New Zealand are complex; it is located between two 

major subduction zones, the Hikurangi subduction zone (Pacific Plate subduction under 

the North Island) and Puysegur subduction zone (Australian Plate subduction under the 
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Pacific Plate). These subduction zones are connected primarily by the tranpressive 

dextral-reverse Alpine Fault on the South Island which is the clear onshore manifestation 

of this plate boundary (Wellman, 1953; Fig. 1.2 – space photograph) and accommodates 

50-90% of the 39.7 ± 0.7 mm yr-1 relative motion across the plate boundary (De Mets et 

al., 2010; Sutherland et al., 2007) along its central and southern sections (Norris and 

Cooper, 2001; Barnes, 2009).  

 

Figure 1.2: The South Island of New Zealand from space; north to top. The Alpine Fault 

is the clear diagonal line between the snow-covered Southern Alps and the low-lying 

Westland plains. Image is a NASA MODIS image taken on August 18, 2012 and shows 

the winter-snow-covered Southern Alps (www.modis.gsfc.nasa.gov).  

 

The northernmost section of the Alpine Fault (Fig. 1.3) is commonly called the 

Wairau Fault and currently accommodates much less slip than the central and southern 
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sections due to partitioning of the plate boundary deformation onto the strike-slip faults 

of the Marlborough Fault System (MFS; Lensen, 1968; Little and Jones, 1998; Langridge 

et al., 2013). Southward migration of deformation across the MFS with time (since <7 

Ma) has allowed the development of younger and better-oriented faults that link with the 

southward-lengthening Hikurangi subduction zone. The southernmost of the major 

through-going Marlborough faults, the Hope Fault, accommodates up 50% of the plate 

motion between the Alpine Fault and the Hikurangi subduction zone, with dextral slip 

rates of up to 23 ± 4 mm/yr (e.g. Cowan, 1991; Berryman et al., 1992; Langridge et al., 

2003; Langridge et al., 2013). South of the Alpine Fault, towards the Puysegur 

subduction zone, a set of N-S trending faults intersect the Alpine Fault (e.g. Hollyford, 

Moonlight, Livingstone, Nevis-Cardrona, etc.) although the amount of slip that each of 

these faults accommodates is poorly known (Turnbull, 2000; Barnes et al., 2005).  
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Figure 1.3: Location and elevation map of Alpine Fault in the South Island, New 

Zealand. Inset map A shows the tectonic setting of New Zealand with the Australian-

Pacific relative plate motion vectors (mm/yr) shown (DeMets et al., 2010). Inset B shows 

Last Glacial Maximum (LGM) ice extent and present glacial ice extent (after Golledge et 

al., 2012).  
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1.2.1 New Zealand geologic history 

The basement geology of New Zealand consists of Cambrian to Early cretaceous 

volcanic-sedimentary tectonostratigraphic accreted terranes related to a convergent 

margin of the Gondwana supercontinent (Fig. 1.4; e.g. Bradshaw, 1989; Mortimer, 2004; 

Adams et al., 2007).  

 
Figure 1.4: Basement geology of New Zealand showing bedrock terrane offsets along 

the Alpine Fault using the terrane classification of Bradshaw (1989), and the 

tectnostratigraphic terranes of Mortimer (2004) as updated by (Adams et al., 2007). 
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Three regional metamorphic belts, for example the Haast Schist which is found 

adjacent to the central Alpine Fault, and three regional batholiths (e.g. Median Batholith; 

Mortimer et al., 1999), overprint these terranes. Sea floor spreading rifted Zealandia from 

Australia and Antarctica, which opened the Tasman Sea during the Cretaceous (e.g. 

Sutherland et al., 1999a). A belt of ultramafic rocks (a portion of the Dun Mountain-

Maitai terrane) exposed on the northeastern South Island and on southwestern South 

Island on opposite sides of the Alpine Fault was discovered by Harold Wellman who 

proposed a “300 mile” (~ 480 km) strike-slip offset across the Alpine Fault (Fig. 1.4). 

This proposed offset was considered controversial (Richter, 1958) prior to the acceptance 

of plate tectonics (e.g. Wilson, 1965), although it is now clear that a minimum of 460 km 

of Neogene offset can be directly related to the Alpine Fault (e.g. Sutherland, 1999b), this 

length is a minimum because it does not account for partitioned displacement onto the 

MFS or the northern Alpine Fault, or distributed crustal shear.  

 

1.2.2 New Zealand seismicity 

Earthquakes are common in New Zealand due to its active plate boundary setting; 

the seismicity of New Zealand is dominated by shallow earthquakes (<30 km) in the 

central South Island along with deeper earthquakes (up to 100’s of km) associated with 

the two subduction zones on the northern South Island and North Island and in the 

southwestern South Island (Fig. 1.5). Volcanic-related seismicity also occurs in the 

central North Island. 
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Figure 1.5: Seismicity of New Zealand showing the variability between shallow crustal 

earthquakes in the central South Island in comparison with the deeper earthquakes related 

to the two subduction zones (Source: www.geonet.co.nz). The brown line represents the 

plate boundary. Note the relative lack of seismicity proximal to the Alpine Fault.  

 

The New Zealand National Seismic Hazard Model (NSHM), was recently 

updated (Stirling et al., 2012) from an earlier version (Stirling et al., 2002), and reflects 

improvements in geologic mapping, geophysical surveys, and improved passive seismic 

observations (Fig. 1.6).   



Chapter 1: Introduction to the Thesis and the Alpine Fault 
 

 27 

 
Figure 1.6: Comparison of the New Zealand active fault sources in the 2002 NSHM (left; 

Stirling et al., 2002) with those in the 2012 NSHM (right; Stirling et al., 2012).  

 

The recent earthquakes (2010 - ?) in Canterbury and Christchurch, as well as in 

the northern MFS (Cook Straight Earthquake Sequence, July 2013 - ?) demonstrate the 

likelihood that a number of potential seismic sources remain unknown in addition to the 

known seismic sources (e.g. Kaiser et al., 2012; Quigley et al., 2012) and are capable of 

generating strong ground motions with associated geohazards including rockfall and 

liquefaction (e.g. Cubrinovski et al. 2011; Green et al., 2011; Quigley et al., 2013). 

 

1.3 Alpine Fault overview 

This section of this thesis introduction focuses on the Alpine Fault and the current 

state of knowledge about the fault. Along most of its length, the Alpine Fault is strongly 

expressed as a linear, dextral (right-lateral) N055°E-striking geomorphic lineament that 
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divides the hanging wall Pacific Plate Southern Alps from the lower-lying Australian 

Plate floodplains, moraines, and marshes of the coastal plain (Figures 1.2 and 1.3).  

A number of general reviews cover various aspects of the Alpine Fault (e.g. 

Sutherland et al., 2007; Townend et al., 2009; Boese et al., 2012; Barnes et al., 2013; 

Barth et al., 2013). The breadth of more recent research along the fault and within the 

nearby Southern Alps (e.g. Cox et al., 2012), partially in support of the ongoing Deep 

Fault Drilling Project (DFDP – Townend et al., 2009; Sutherland et al., 2012), means that 

a comprehensive review of an ~ 850 km long plate boundary fault including the 

seismicity, paleoseismology, geophysical signature, geology, geomorphology, and 

associated geohazards is beyond the scope of this thesis. However, the following brief 

review of several of these aspects of the Alpine Fault forms the foundation for the 

research questions addressed in subsequent chapters of this thesis. Because this thesis 

focuses on the central section of the Alpine Fault, research on this section is emphasised 

accordingly.  

 

1.3.1 Alpine Fault history 

The Alpine Fault is a mature crustal-scale plate boundary fault that represents the 

largest known onshore seismic hazard in New Zealand (Sutherland et al., 2007; Stirling et 

al., 2012). Relative plate boundary motion between the Pacific and Australian Plates has 

resulted in deformation accommodated by faulting throughout the Zealandia Continent 

since 45 Ma, beginning with asymmetric rifting in the late Eocene (ca. 45-35 Ma), 

followed by transtension from the late Eocene to Oligocene (ca. 35-25 Ma), strike-slip 

faulting from the early to late Miocene (ca. 25-6 Ma), and oblique strike-slip motion from 



Chapter 1: Introduction to the Thesis and the Alpine Fault 
 

 29 

the late Miocene to present (ca. 6 Ma; Cooper et al., 1987; Walcott, 1998; Sutherland et 

al., 2000; Cande and Stock, 2004; DeMets et al., 2010; Reyners et al., 2011). The Alpine 

Fault is expected to accommodate deformation in large earthquakes (e.g. Adams, 1980b; 

Yetton, 1998; Wells et al., 1999) in the future, although no major earthquakes have taken 

place along the fault in the short historical period of New Zealand (since about 1840).  

 

1.3.2 Alpine Fault sections 

On geomorphic and structural grounds the typically straight Alpine Fault (e.g. 

Fig. 1.2) is generally divided into the offshore southern, southern, central, and northern 

sections (Fig. 1.3). The offshore section of the fault extends South from Milford Sound 

for approximately 240 km, and is generally referred to (from north to south) as the 90 km 

long Milford-Caswell section and the 150 km long Resolution section (Barnes et al., 

2005; Barnes, 2009; Barnes et al., 2013). The onshore southern section (sometimes called 

the “Southern Westland” section) extends ~130 km from near Milford Sound to the Haast 

River, shows primarily strike-slip motion (Cooper and Norris, 1995) and may continue 

offshore south of Milford Sound to George Sound in Fiordland (Barnes, 2009). The ~200 

km central section extends north from the Haast River to immediately north of the 

Toaroha River (at the junction with the Marlborough fault system - MFS) in the north and 

bounds the western edge of the Southern Alps (Norris et al., 1990); it has the highest dip-

slip rates and is associated with the highest summits and overall elevation in the Southern 

Alps (Norris and Cooper, 2001; Little et al., 2005). The Northern section extends from 

near the Toaroha River to south of the big bend (Fig. 1.3), while north of there it is called 

the Wairau fault that extends northeast and goes offshore. Several faults splay off the 
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northern section of the Alpine Fault to form the MFS, which includes other high slip-rate 

faults such as the Hope Fault (e.g. Van Dissen and Yeats, 1991; Langridge and 

Berryman, 2005; Langridge et al., 2013). The most recent Alpine Fault earthquake, in 

1717, ruptured most of the southern and central sections, and extended into the northern 

section of the fault according to fault trenching and shaking records (e.g. Wells et al., 

1999; Yetton, 2000; Wells and Goff, 2008), which perhaps suggests that the section 

limits can not necessarily arrest propagation of Alpine Fault ruptures (e.g. Wesnousky, 

2008; Ben-Zion, 2008).    

 

1.3.3 Alpine Fault slip-rates and near-surface structure 

High long-term average slip-rates occur along the length of the Alpine Fault from 

offshore south of Milford Sound to onshore at the junction with the MFS. The 

geologically derived dextral slip-rates of the Alpine Fault’s offshore, southern, central, 

and northern sections are 27.2 (–3.0/+1.8) mm/yr, 23 ± 1 mm/yr, 27 ± 5 mm/yr, and 14 ± 

2 mm/yr respectively (Barnes, 2009; Sutherland et al., 2006; Norris and Cooper, 2001; 

Langridge et al., 2010). GPS observations and modeling indicate a strike-slip rate of 30-

31 mm/yr for the central Alpine Fault (Wallace et al., 2007), although these authors 

acknowledged that these modeled rates may be too high (Figure 1.7), and that the fault is 

inferred to be locked up to depths between 13-18 km (Wallace et al., 2007; Bevan et al., 

2010).  
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Figure 1.7: Maps of the South Island of New Zealand (after Cox et al., 2012) showing: 

A) mean annual rainfall modeled for the period of 1971-2000 (Tait et al., 2006); B) 

erosion, calculated as a mean ground lowering from a suspended sediment yield model 

(Hicks et al., 1996), assuming an average crustal density of 2.65 t/m3; C) shallow (<40 

km) seismicity for 1964-2011, overlain on Bouguer gravity and showing areas of 

anomalously high seismic velocity (Vp = 6.5 km/s contour; Davey et al., 2007); and D) 

maximum rates of shear strain derived by GPS surveys between 1996 and 2008 (updated 

from Beavan et al., 2007), together with Pacific-Australian plate vectors calculated at Fox 

Glacier near the Alpine Fault (Beavan et al., 2007; DeMets et al., 1994, 2010) and central 

Alpine Fault late Quaternary slip rates (Norris and Cooper, 2001).  
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The central section of the fault has high exhumation rates, from 6-12 mm/yr based 

on geologic records (Little et al., 2005; Toy et al., 2010), high interseismic vertical rates 

in the nearby Southern Alps of ~ 5 mm/yr based on geodetic observations (Bevan et al., 

2010), although these vertical rates decrease to ! 2 mm/yr along the southern section 

(Norris et al., 1990; Sutherland and Norris, 1995; Norris and Cooper, 2001). Surface 

uplift rates along the hanging wall of the central Alpine Fault based on dating of 

Quaternary sediments are rare with only one dated location (7 ± 1 mm/yr at Lake 

Paringa; Simpson et al., 1994; Norris and Cooper, 2001), and otherwise rates are inferred 

from undated inferred marine terraces found along the rangefront of the Alpine Fault of 

between 5.8 and 7.8 mm/yr (Bull and Cooper, 1986). This data gap is addressed in 

Chapters 4 and 5. These uplift rates of New Zealand are shown in Fig. 1.8.  
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Figure 1.8:  Uplift map of New Zealand (after McSaveney and Nathan, 2013). Note the 

fast rates coincident with the central Alpine Fault (after Wellman, 1979; Adams, 1980a; 

Pillans, 1986). 

 

The variability of dip-slip rates along the fault is shown in Figure 1.9 (after Norris 

and Cooper, 2001), with the highest dip-slip rates coincident with the highest summits of 

the Southern Alps.  
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Figure 1.9: Diagram shows the variability of strike-slip and dip-slip rates with distance 

along the fault with estimated values at each locality are shown as vertical bars with 

uncertainties shown (after Norris and Cooper, 2001). Locations from North to South (1-

13) are: 1) Haupiri River, 2) Inchbonnie, 3) Toaroha River, 4) Kaka Creek (Mikonui 

River), 5) Kakapotahi River, 6) Gaunt Creek (Waitangitaona River), 7) Waikukupa 

River, 8) Paringa River, 9) Haast River, north bank, 10) Haast River, south bank, 12) 

Hokuri Creek, 13, Lake McKerrow.  

 

However, Alpine Fault slip-rate variability over time (e.g. Quaternary versus 

Holocene slip-rate variability) remain unknown due to a lack of information (dated 

offsets of various lengths over a range of timescales). 
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Although the fault appears as a distinct straight line from space (Fig. 1.2), at 

larger scales, the Alpine Fault’s surface trace varies in strike and is segmented. The fault-

parallel component of plate motion (DeMets et al., 1994, 2010; Wallace et al., 2007), 

combined with shortening normal to the fault results in an oblique transpressive 

movement along the fault. Because of this, a combination of dextral northeast-striking 

strike-slip and more northerly-striking oblique thrust segments of the Alpine Fault (Fig. 

1.10), as well as partitioned zones of sub-parallel zones of strike-slip and thrusting are 

thought to develop in the near surface at scales of several kilometers along the fault 

(Norris and Cooper, 1995, 1997; Barth et al., 2012).  
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Figure 1.10: Models of near-surface partitioning of the Alpine Fault: A) into sequenced 

(i.e. serial) oblique thrust and strike-slip segments that likely develop due to hanging wall 

topographic stress perturbations (After Norris and Cooper, 1995), and B) into parallel 

zones of strike-slip and thrusting.  

 

These authors suggest that as a fold-thrust complex develops and extends 

outwards onto the footwall, the dip of the base of the thrust is reduced, partitioning of the 

parallel component onto a vertical strike-slip fault becomes more likely and the thrust is 

abandoned, however at locations where erosion prevents the development of a low-angle 

thrust complex, parallel partitioning will be less likely to occur and instead the range 
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front will become serially partitioned into distinct strike-slip and thrust segments (Norris 

and Cooper, 1997). These variations in style of faulting with strike-slip and thrust 

patterns in the high-uplift portion of the Alpine Fault in the vicinity of Franz Josef and 

the Whataroa River (Fig. 1.11) are addressed herein in Chapters 2 and 5 (thrust faulting) 

and Chapters 3 and 4 (strike-slip faulting).  

 
Figure 1.11: Primary thesis field investigation area coincident with the highest uplift of 

the Southern Alps and Alpine Fault showing the generalized geology and the DFDP-1 

sites (Chapters 2 and 5), and the Whataroa River (Chapter 4). Inset shows the study area 

in relation to the South Island and the Alpine Schist belt (after Townend et al., 2013). 

 

1.3.4 Alpine Fault seismicity 

 The Alpine Fault is currently locked, with only small magnitude earthquakes 

recorded on the fault, and has not caused a major earthquake in the short New Zealand 
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historical period (post-1840). A number of geophysical campaigns have documented 

seismicity (Fig. 1.4 and 1.7C) along and proximal to the fault. In the mid-1990s the 

Southern Alps Passive Seismic Experiment (SAPSE) recorded earthquakes near the 

central Alpine Fault, but found that Alpine Fault seismicity rate is low, with the fault 

locked to depths of 10-12 km (Leitner et al., 2001).  More recent studies have measured 

the microseismicity along the fault and in the nearby Southern Alps and agree that the 

central Alpine Fault is currently locked (as suggested by geodetic models; Wallace et al., 

2007; Beavan et al., 1999, 2010), with a maximum depth of crustal seismicity of 10 ± 2 

km and an absence of earthquakes above Mw 2.5 (Boese et al., 2012). Tectonic tremor, or 

persistent, low-frequency seismic energy was recently recorded along the central section 

of the Alpine Fault (Wech et al., 2012). These authors found the tremor to occur in the 

25-45 km depth range below the seismogenic zone, which suggests slow slip on the deep 

extension of the fault. Sub-crustal earthquakes proximal to the Alpine Fault are consistent 

with the presence of a remnant passive margin attached to the Australian continental 

crust, extending to depths of 47-74 km south of Mt. Cook (Boese et al., 2013). The 

limited period of instrumental recordings along the Alpine Fault, when compared with 

results from California (Wesnousky, 1994), suggests that the Alpine Fault does not 

appear to be suitably described by the Gutenberg-Richter relationship (Guttenburg and 

Richter, 1944) between major earthquakes; and that the Alpine Fault does not have 

frequent moderate-sized earthquakes, but instead remains locked with major stress drops 

only occurring during large earthquakes and associated aftershocks. This is addressed in 

Chapter 3 of this thesis through a comparison of short dextral offsets along the Alpine 

Fault with the paleoseismic record there.  
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1.3.5 Major Alpine Fault earthquake evidence, timing, slip, and recurrence  

Because of the absence of a major earthquake along the fault in the historic 

record, Alpine Fault earthquake timing estimates derive from a range of on-fault and off-

fault (shaking records) paleoseismic studies. Based on dating of co-seismic rock falls and 

landslides (Bull, 1996; Chevalier et al., 2009; Reznichenko et al., 2012), post-earthquake 

aggradational terraces (Adams, 1980b), fault trenching (Wells et al., 1999; Yetton, 2000; 

Langridge et al., 2010; Berryman et al., 2012a) tree ring studies (Wells et al., 1999), 

deformed river terraces, buried surfaces, fallen trees (Adams, 1980b; Wells et al., 1999; 

Yetton 2000), coastal dune progradation sequences (Wells and Goff, 2007), co-seismic 

mega-turbidites in lake cores (Howarth et al., 2012), and sedimentary sequences 

(Berryman et al., 2012b), the most recent event (MRE) likely occurred ca. 1717; with 

earlier ruptures c. 1600, c. 1430, and c. 1220. Dendrochronology shows the highest 

temporal resolution for the MRE along the fault; tree growth declined abruptly in a single 

growing season most likely due to earthquake damage along the fault in 1717 (Wells et 

al., 1999), although there is a ~200 km gap in on-fault evidence for the 1717 earthquake 

coincident with the central Alpine Fault. Chapter 2 addresses this data gap through the 

discovery and documentation of a thrust scarp of the central Alpine Fault and dating of 

the scarp formation coincident with the 1717 event. 

Late-Holocene Alpine Fault earthquake recurrence intervals based on different 

datasets and locations along the fault have considerable variability, ranging from 

approximately 100 to 480 years. Sutherland and Norris (1995) obtained a recurrence 

interval of 330 ± 90 year based on offset moraines combined with the local known slip 

rate. Wells et al. (1999) calculated a recurrence interval of c. 200 years based on 
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dendrochronology, tree cohort dating, and trench data from along the length of the 

onshore fault. Though a combination of dendrochronology and mapping of coastal dune 

progradation, which they attributed to increased sediment delivery to the coast by rivers 

after Alpine Fault earthquakes, Wells and Goff (2007) inferred Alpine Fault earthquakes 

that have a recurrence interval of c. 150 ± 50 years from near Haast. Based on trenching 

along the fault near Haast, Berryman et al., (2012a) calculated a 480 yr recurrence 

interval. By combining the trenching data near Haast (Berryman et al., 2012a) for the 

most recent two events on the fault with stratigraphic mapping and dating of cyclic 

sediments at Hokuri Creek at the southern end of the Alpine fault, Berryman et al. 

(2012b) calculated a mean recurrence interval of 329 ± 68 years over the past 8 ka. 

Howarth et al. (2012) documented off-fault lacustrine sediment sequences at Lake 

Paringa, relating megaturbites sequences to Alpine Fault earthquake sediment generation 

and mobilization to obtain an earthquake recurrence interval of 260 ± 70 years. Offshore 

and south of Milford Sound, recent off-fault work by Barnes et al. (2013) document 

recurrence intervals between ~190 years to possibly as low as 100 years between 

turbidite deposition that they attribute to earthquake triggering from Alpine fault, 

subduction earthquakes, and additional crustal earthquakes. This wide range from 100 to 

480 years for the recurrence of large earthquakes along the fault demonstrates the current 

uncertainty in recurrence intervals and hence future occurrence probabilities, and 

emphasizes the need to refine these estimates.  

To assess Alpine Fault recurrence intervals, understanding single- and multi-event 

slip patterns are of critical importance. Unfortunately, short offsets are difficult to find 

and document and thus rare along the entire Alpine Fault, with only seven offset 
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locations less than 30 m long reported prior to those measured during this thesis 

(Berryman, 1975; Sutherland and Norris, 1995; Wells et al., 1999; Langridge et al., 2010; 

Berryman et al., 2012a and b). These slip patterns are addressed in Chapter 3 of this 

thesis with a focus on new offsets that were located, mapped, and measured along the 

central Alpine Fault and these offsets are compared with other results from along the fault 

to better understand plate boundary behavior. 

 

1.3.6 Westland Quaternary history 

Quaternary glaciers and glacial sediments along with tectonic uplift, surface 

ruptures along the Alpine Fault and ongoing erosion have played critical roles in 

generating the present stratigraphy and landscape along the Alpine Fault. The last glacial 

maximum (LGM) in New Zealand occurred between 28 to 20 ka (Suggate and Almond 

2005; Alloway et al. 2007; Golledge et al. 2012) with glaciers completely covering the 

central Alpine Fault’s surface traces (Fig. 1.6B) and in several cases extending beyond 

the current coastline onto the continental shelf (Barrell et al. 2011). Based on pollen 

records from the nearby Okarito bog (Vandergoes et al. 2005), Westland glaciers 

underwent retreat from LGM limits around 17.3 ka and with continued warming until 11 

ka when a lowland podocarp/hardwood rainforest developed (Vandergoes et al. 2005). 

Shulmeister et al. (2010) recently suggested that extensive ice persisted between 18–11 

ka with gradual up-valley retreat, and that by as late as 15.5 ka glacier termini may have 

retreated as little as 5–10 km from LGM terminations. Because extensive LGM 

glaciations persisted along the coastal plain of Westland until the Late Pleistocene, most 

pre-LGM sediments and deposits along the range front of the Southern Alps were likely 
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eroded by LGM ice advances, landslides, and fluvial erosion at the rangefront (near the 

central Alpine Fault) although pre-LGM glacial deposits have persisted to the present in 

places along the coastal plain (e.g. Almond et al., 2001). The timing of Alpine Fault 

proximal sedimentation plays an important role in the inference of Quaternary uplift rates 

along the fault and this topic is discussed in detail in Chapters 4 and 5. 

 

1.4 Review of plate boundary fault behavior 

 Because major plate boundary faults, like the Alpine Fault, accommodate large 

proportions of relative plate motions, understanding the earthquake cycle along these 

faults is extremely important to better characterize seismic hazards and for the 

development of physical earthquake models. The concept of cumulative geologic offset 

as the major control on strike-slip fault evolution was introduced by Wesnousky (1989, 

1990) with further attention by Stirling et al. (1996) suggesting that a fault plane is 

smoothed by successive offsets and that the size of major earthquakes increases and the 

frequency of smaller earthquakes decreases. The Alpine Fault is a long fault, with a long 

cumulative geologic offset (~ 480 km, see above; therefore it should be smooth?) and 

should on this basis have major earthquakes with a lower frequency of smaller 

earthquakes; however the limited historical record in New Zealand, combined with our 

limited spatial and temporal records from along the fault, suggests that the behavior of 

other faults should be considered in attempting to characterize Alpine Fault behavior. 

 Two better-studied major plate boundary faults are the San Andreas Fault in 

California (e.g. Lawson, 1908; Sieh, 1978; Sieh and Jahns, 1984; McGill and Sieh, 1991; 

Arrowsmith and Zielke, 2009; and references within) and the Northern Anatolian Fault in 
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Turkey (McKenzie, 1972; McClusky et al., 2000; Rockwell et al., 2009; Kozaci et al., 

2011; and references within), which have both experienced major historical earthquakes 

in contrast to the Alpine Fault.   

It is tempting to compare what we know about each of these major faults to better 

understand earthquake variability or consistency between events. Regional catalogs of 

seismicity are thought to be well described by the Gutenber-Richter (GR) relationship:                  

log n =  a – bM, with n being the number of events of magnitude M and a and b are 

constants (Gutenberg and Richter, 1944), however from studies of specific fault zones 

(e.g. the Newport-Inglewood, Elsinore, Garlock, and San Andreas faults in California), it 

appears that these faults do not satisfy the GR relationship during a non-entire seismic 

cycle along these faults (Wesnousky, 1994) and are instead in accord with the 

characteristic earthquake model (CEM; Schwartz and Coppersmith, 1984). Importantly, 

Wesnousky (1994) suggests that the entire San Jacinto fault does satisfy the GR 

relationship, however each segment from ruptures zones seem to operate 

characteristically. The CEM states that during time between maximum-size earthquakes 

along a fault segment or fault zone is generally quiescent, and that these faults tend to 

generate earthquakes of generally the same size (characteristic) at or near the maximum 

magnitude (Schwartz and Coppersmith, 1984). In addition to the CEM, the uniform-slip 

models (USM) suggests constant slip rate and frequent moderate-sized events (Sieh and 

Jahns, 1984), and the variable slip model (VSM) with slip at a point varying between 

each major earthquake (Schwartz, 1989) are used to describe the recurrence of 

earthquakes along faults and are widely applied in seismic hazards assessments and 

earthquake forecasting (Figure 1.12). 



Chapter 1: Introduction to the Thesis and the Alpine Fault 
 

 44 

 
Figure 1.12. Models of fault behavior: a) variable slip model after Schwartz (1989), b) 

uniform slip model after Sieh and Jahns (1984), c) after Schwartz and Coppersmith 

(1984), all compiled by Berryman and Beanland (1991).  

 

 These models have been used to describe faults worldwide and were developed 

from observations along the San Andreas Fault in California and the Wasatch Fault in 

Utah. Importantly, the applicability of these models to describe the behavior of the San 

Andreas, or other major faults has recently been called into question (e.g. Akciz et al., 

2010; Grant-Ludwig et al., 2010; Zielke et al., 2010, 2012; Kagan et al., 2011). 
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Uncertainty regarding the applicability of these models to the fault that they were 

developed from raises some important questions about our knowledge and models about 

the seismic cycle and plate boundary fault behavior in general. New data collected as part 

of this thesis, when compared with data compiled from other results along the Alpine 

Fault, assists with reflections on the applicability of these models to the Alpine Fault, and 

to plate boundary faults in general are addressed in Chapter 3 and in Chapter 6.  

  

1.5 Fieldwork setting overview 

 Field data acquisition has been a major part of this thesis. It focused on sites in the 

challenging central section of the Alpine Fault, although sites along the full length of the 

fault were visited as part of the project. The central Alpine Fault forms the rangefront of 

the Southern Alps, which varies in elevation from <100 m on the coastal plain to summits 

>2000 m within 5 km of the surface trace of the fault. The rangefront forms a barrier to 

weather systems moving west of the Tasman Sea and has high annual precipitation rates 

(5-15 m/yr) with large single-storm rain events (>700 mm/event; Griffiths and 

McSaveney, 1983; Henderson and Thompson, 1999; Fig. 1.7A). This abundant rain 

supports a dense temperate coastal podocarp rainforest that completely covers the 

landscape in any areas that are not cleared for agricultural purposes, or steep bare rock or 

active floodplains of creeks and rivers. Snow can fall below 1000 m at any time of the 

year on the West coast and most of the Southern Alps rangefront is snow-covered above 

~ 1000 m throughout the Austral winter (May-October). Crossing rivers and creeks, and 

in fact using rivers and creeks as highways through the bush is a critical means of access 

in this challenging terrain. Watercourses can be ankle deep at the start of the day and be 
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raging torrents after only a couple of hours of rain, which complicates access. Generally 

access for this fieldwork was on foot, although 4X4 trucks were used to access a few 

locations (e.g. Gaunt Creek), and helicopters were used for reconnaissance purposes and 

for collection of oblique airphotos (Appendix V). Once away from major rivers, the 

vegetation becomes a significant hindrance for field mapping. Three plants pose a 

challenge during fieldwork; 1) bush lawyer – a thorned vine with sharp barbs that grows 

along creeks, 2) Ongaonga – a potent stinging nettle that can be found throughout the 

study area, 3) Supplejack – a vine that grows in dense networks that can make travel very 

difficult through the bush. Supplejack in particular can really challenge fieldwork with 

thick areas causing very slow travel times (over an hour to travel less than 300 m through 

the bush). Animals are not a problem along the fault, however sandflies were an 

occasional inconvenience during fieldwork. Fieldwork was generally done on a day-to-

day basis using the University of Canterbury’s field station at Hari-Hari, however, local 

backcountry huts, hotels, and camping were also used to facilitate site access. 

 

1.6 Major research questions and thesis structure 

 The thesis revolves around on- and off-fault data from prehistoric earthquakes to 

better understand seismic hazards and surface ruptures with a particular focus on the 

Alpine Fault on the South Island of New Zealand. Based on a review of the literature, the 

following unresolved questions related to the Alpine Fault were identified and addressed 

in this thesis (the thesis Chapters where these are addressed are in brackets below each 

question): 

(1) When were the last few major central Alpine Fault earthquakes?  
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(Chapters 2 and 3)  

(2) What type of evidence and where do we have evidence of these earthquakes?  

(Chapters 2-5) 

(3) What is the style of faulting? 

(Chapters 2-5)  

(4) Is the fault divided into a number of segments with specific ruptures on each of the 

segments? 

(Chapters 3 and 6) 

(5) How much dextral surface slip is there in each major earthquake along the fault?  

(Chapters 3) 

(6) What are the uplift rates along the fault? 

(Chapters 4 and 5) 

(7) Do existing plate boundary models adequately characterise Alpine Fault behavior? 

(Chapters 3 and 6) 

 
Answering these questions required the acquisition of data to constrain the timing, 

magnitude, and rates of co-seismic deformation along the fault. This thesis addresses 

several aspects of plate boundary tectonics related to the Alpine Fault and comprises 6 

chapters:  

 Chapter 1 (this chapter) provides an introduction to New Zealand’s plate 

boundary Alpine Fault and the justification for this research. Chapter 2 describes the 

mapping of newly-discovered fault scarps using light detection and ranging (lidar) data 

along the central Alpine Fault at Gaunt Creek, where a previously unknown Alpine Fault 

scarp was excavated, logged, and samples dated to constrain the most recent surface 
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rupture at that location on a partially buried multi-event thrust scarp. Chapter 3 uses 

lidar data combined with field mapping from along the Central Alpine fault to 

characterise dextral slip, and compares this with the Alpine Fault paleoseismic record and 

other slip records to test plate boundary earthquake recurrence models. Chapter 4 uses a 

combination of field, lidar, and geophysical mapping along with optically stimulated 

luminescence (OSL) dating to date terraces and calculate uplift rates along a dominantly 

strike-slip portion of the Alpine Fault near the Whataroa River. Chapter 5 provides a 

background to results of the DFDP-1 boreholes to calculate new hanging wall rock uplift 

rates and characterise the dominantly thrust faulting at the restraining bend where drilling 

took place. Chapter 6 combines the results from the previous chapters and provides a 

summary of the results of this thesis in the context of major plate boundary faults, and 

provides recommendations for research to address some of the new questions raised from 

my research. All figures in this thesis were developed for this thesis except where 

something has been modified from another study (e.g. modified from), or used in its 

original form from another source (e.g. after). 

 

1.7 Scientific contributions arising from the thesis 

 Chapters 2-5 of this thesis were written as an independent journal articles for 

submission to a peer-reviewed scientific journal. Because of this, there is inevitably some 

repetition (e.g. study location and setting) in some of the chapters. Each chapter contains 

all of the components of a paper including; an abstract, introduction, methods, geologic 

and/or geochronologic dataset, discussion and/or conclusion. Details on datasets and/or 

laboratory results are also provided in the thesis appendices.  
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 At the time of thesis submission, Chapter 2 has been published in an international 

journal (Geology – De Pascale and Langridge, 2012). Chapter 3 has been reviewed, fully 

revised, and resubmitted to Geology (De Pascale et al., In Review). Chapters 4 and 5 are 

currently in the late stages of preparation for submission. Additionally, there are a 

number of co-authored published or in-review papers that I have contributed to, all 

related to the Canterbury Earthquake Sequence (Cubrinovski et al., 2011; Dellow et al., 

2011; Green et al., 2012; Li et al., In Press; Li et al., In Review) or the Alpine Fault 

(Sutherland et al., 2012; Langridge et al., In Review). References for the papers, 

presentations, and other contributions that are direct outcomes of my PhD research are 

listed below. 
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1.9 Introduction summary  

The plate-boundary Alpine Fault has not caused a major earthquake during the 

short historical record of New Zealand. In the following chapters I will address questions 

outlined above related to prehistoric earthquakes along the Alpine Fault through the 

collection of new data and compare these data with existing results from along the fault 

to provide new insights into earthquake timing, fault behavior, and rangefront uplift. In 

Chapter 2 I describe the use of remote sensing and field mapping to discover a new 

exposure of the Alpine Fault near Gaunt Creek, log this exposure, collect and date 

samples from this exposure to constrain the timing of faulting at this location, and then 

compare these data with the existing literature along the fault to estimate the magnitude 

of the most recent major earthquake along the fault.  
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Chapter 2 - New on-fault evidence for a great earthquake in 1717, central Alpine Fault, 

New Zealand  

 

 

2.1 Abstract 

 The dextral-reverse Alpine Fault is the major onshore plate-boundary structure between 

the Australian and Pacific Plates in New Zealand. No previous study of the central portion of the 

200-km-long central segment has provided on-fault evidence for the most recent event (MRE). 

Using lidar (light detection and ranging) data coupled with field mapping I recognized the main 

trace of the Alpine Fault north of Gaunt Creek as a north-striking fault scarp. I enhanced a 

natural exposure that revealed evidence for repeated late-Holocene thrust-fault movement. The 

north-northwest-striking fault-zone is characterized by a distinct 5 - 50 cm thick clay fault-gouge 

layer juxtaposing hanging wall bedrock (mylonites and cataclasites) over unconsolidated late-

Holocene footwall colluvium. The bedrock is cut by a strath terrace and overlain by mid-

Holocene (ca. 5400 calibrated 14C yr B.P.) alluvial terrace, which has been faulted repeatedly 

and is conformably overlain by undeformed late-Holocene colluvium and alluvium. An unfaulted 

peat at the base of the scarp is buried by post-MRE alluvium and yields a calibrated two-sigma 

radiocarbon age of A.D 1710–1930, which dates the MRE as post 1709. My data are consistent 

with sparse on-fault data, and validate earlier off-fault records that suggest a 1717 MRE. The 

1717 event had a moment magnitude of Mw 8.1 ± 0.1, based on the 380-km-long surface rupture. 

Because the fault has not ruptured for ~300 years, it is likely approaching the end of its seismic 

cycle and poses a significant seismic hazard to New Zealand. 
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2.2. Introduction 

The Alpine Fault is a major dextral-reverse fault that accommodates much of the motion 

between the Pacific and Australian plates (Figure. 2.1) along the western side of the South Island 

of New Zealand (Wellman, 1953). The fault accommodates 50%–80% of the 37 ± 2 mm yr-1 of 

motion across the plate boundary (Berryman et al., 1992; DeMets et al., 1994; Sutherland et al., 

2006) and is estimated to rupture in large to great earthquakes (Sutherland et al., 2007), but has 

not ruptured during the short historical period in New Zealand (since 1840). An alternative 

hypothesis (Walcott, 1978) suggests that aseismic creep accommodates the majority of the plate-

boundary motion, although GPS observations show no evidence of creep (Beavan et al., 1999). 

Based on lichenometric dating of co-seismic rock falls (Bull, 1996), post-earthquake 

aggradational terraces (Adams, 1980b), paleoseismic trenching along the fault at the northern 

terminus of the central section, tree ring dating studies (Wells et al., 1999), deformed river 

terraces, buried surfaces, and fallen trees (Adams, 1980b; Yetton 2000), and coastal dune 

progradation sequences (Wells and Goff, 2007), the most recent event (MRE) occurred ca. A.D. 

1717; it is possible that earlier ruptures occurred ca. 1615, ca. 1430, and ca. 1230. 

Dendrochronology shows the highest temporal resolution for the MRE along the fault with 

abrupt tree growth decline due to earthquake damage along the fault in 1717 (Wells et al., 1999).  
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Figure 2.1: A. Alpine Fault map on the South Island of New Zealand; CHC: Christchurch, GC: Gaunt Creek, MFS: Marlborough fault 
system, red box: location of Figure 3. B. Uninterpreted 2 m lidar hillshade from Gaunt Creek. C. Mapping and interpretations. 
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Based on these studies, the fault is considered near the end of its current earthquake cycle 

(Sutherland et al., 2007); there is an estimated probability of 30% for a large earthquake in the 

next 50 yr (Rhoades and Van Dissen, 2003). Although two large earthquakes in Canterbury of 

Mw 7.1 and Mw 6.3 in 2010 and 2011 caused extensive damage and liquefaction (e.g., 

Cubrinovski et al., 2011; Quigley et al., 2012) the higher magnitude potential from Alpine Fault 

earthquakes makes it the greatest seismic hazard for the South Island. On geomorphic and 

structural grounds the typically linear Alpine Fault (when viewed at small scales, e.g., satellite 

imagery, 1:100,000 topographic maps) is generally divided into the southern, central, and 

northern sections (Figure. 2.2). 

 



Chapter 2: New on-fault evidence for a great Alpine Fault earthquake in 1717 

!

 58 

 
Figure 2.2: Map showing summary of on- (trench and exposure mapping) and off-fault, tree 

cohort (trees that simultaneously colonize a surface post-disturbance), tree-rings, and coastal 

progradation and dune formation studies showing a 1717 A.D. earthquake along the onshore 

Alpine Fault. Data from; this study, Berryman et al., (2012a), Sutherland and Norris (1995), 

Langridge (personnel communication), Wells et al. (1999), Wells and Goff (2007), Yetton 

(2000). North to South on map; HR: Haupiri River, HF: Hope fault, MFS: Marlborough fault 

system, IB: Inchbonnie, KF: Kelly fault, KR: Kokatahi River, TR: Toaroha River, WR: 

Waitangi-Taona River, GC: Gaunt Creek, FG: Fox Glacier, HA: Haast, TB: Turnbull River, HK: 

Hokuri Creek, JG: John O’Groats, and MS: Milford Sound. 

 

The Late Quaternary geological dextral slip rates for the fault’s southern, central, and 

northern sections are 23 ± 1 mm/yr, 27 ± 5 mm/yr, and 14 ± 2 mm/yr respectively (Sutherland et 
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al., 2006; Norris and Cooper, 2001; Langridge et al., 2010). The onshore southern section 

extends at least ~130 km from near Milford Sound to Haast, shows primarily strike-slip motion 

(Cooper and Norris, 1995), and likely continues offshore south of Milford Sound (Barnes, 2009). 

The ~200-km-long central section extends from the Haast River to the Kokatahi River, bounds 

the western edge of the Southern Alps, has the highest strike-slip (27 ± 5 mm/yr) and dip-slip (8-

12 mm/yr) rates, and is associated with the highest summits and overall elevation in the Southern 

Alps (Norris and Cooper, 2001; Little et al., 2005). Several high slip-rate faults (e.g., Hope, 

Kelly) splay off the northern end of the central section, transferring plate motion to the 

Marlborough Fault System (Van Dissen and Yeats, 1991; Langridge and Berryman, 2005). The 

central fault has the highest overall slip-rate because a high proportion of the plate boundary 

deformation across the South Island is accommodated by the fault, while deformation is 

partitioned on to other sub-parallel structures along the Marlborough Fault System (MFS) in the 

north (Fig. 2.1) reducing slip-rates along the northern section fault (Norris and Cooper, 2001), 

however with relatively-high dextral slip-rates offshore south of Milford Sound (Barnes, 2009). 

The central section is also associated with high vertical exhumation rates, from 6 to 12 mm /yr 

based on geologic records (Little et al., 2005; Toy et al., 2010), and vertical deformation rates of 

~5 mm/yr based on global positing system (GPS) data (Beavan et al., 2010).  

Along most of its onshore length, the Alpine Fault is strongly expressed as a linear, 

N055°E-striking geomorphic lineament that divides the hanging wall Southern Alps from the 

West Coast’s coastal plain. High relief (as much as 2000 m at the range-front), dense rainforest, 

and high precipitation (9–14 m/yr in the Southern Alps) make both field and remotely sensed 

mapping difficult. Fluvial and landslide activity have overprinted the tectonic geomorphology, 
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obscuring fault traces that formed during recent surface ruptures. Because of these challenges, 

there is a 200 km on-fault paleoseismicity data gap between the Haast and Toaroha Rivers. 

I focused my investigations around Gaunt Creek (Fig. 2.1), a tributary of the Waitangi-

Taona River, and a key site for the characterization of slip rates, fault rock sequences, and 

floodplain geomorphology (e.g., Cooper and Norris, 1994; Davies and Korup 2007; Toy et al., 

2010). The Alpine Fault crops out on the southern side of Gaunt Creek; the outcrop is almost 700 

m long and > 100 m high with mylonitized schist overthrusting Late-Pleistocene gravels and 

mylonite debris (Cooper and Norris, 1994). Adjacent to our field site, the Deep Fault Drilling 

Project (DFDP-1) boreholes intercepted the fault in 2011 (Sutherland et al., 2012). Aerial photos 

show that Gaunt Creek floods frequently, most recently in the 1980s (Davies and Korup, 2007), 

in response to precipitation and landsliding, which locally obscure fault traces. 

 

2.3 Methods 

I mapped geological and geomorphic features using a 2 m digital elevation model (DEM) 

generated from airborne light detection and ranging (lidar) data (Fig. 2.1), and revised previous 

mapping from the site (Cooper and Norris, 1994). Although the area is covered by dense 

rainforest, the lidar data enabled us to map recent stream channels, alluvial fans, talus deposits, 

fluvial risers, seven different terrace surfaces (Qt1-Qt7), and faults (Fig. 2.1), which I validated 

by field checking. I targeted for field investigation a 300 m long linear fault scarp along the 

northern end of the Gaunt Creek terraces (Fig. 2.3), mapped the north-northwest-striking scarp in 

the field, and tracked it to where it intersects a sub-vertical terrace riser striking 125° (oblique to 

the fault scarp).  
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Figure 2.3: Photograph of the fault scarp ~100 m north of the fault exposure and the flat surface 

the geologist is standing on is the onlapping alluvium found in the exposure. 

 

The scarp trends northward from the terrace riser through rainforest as a 2–10 m high, 

~20–45° west-facing scarp and I excavated an exposure across it at the riser (Figure. 2.1). 

 

2.4 Results 

I exposed faulted bedrock, alluvium, and colluvium buried by as much as 2.4 m of scarp-

derived colluvium and alluvium, and post-MRE deposits (Figure. 2.4, 2.5, 2.6).  
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Figure 2.4: Photograph from the fault exposure. Logging lines form 1 m blocks and numbers are station distance (m) from the left 

side of the exposure in meters. Note the bluish alluvium on the left side of the photo that onlaps the fault scarp near the number 3. 

Also note the very light grey gouge zone ~1.3 m below station 6. 



Chapter 2: New on-fault evidence for a great Alpine Fault earthquake in 1717 

!

 

63 

 
Figure 2.5: Annotated photograph of the fault exposure. Logging lines form 1 m blocks and numbers are station distance (m) from the 

left side of the exposure in meters. Red line is the Alpine Fault. CW1 is colluvium that forms the most recent fault scarp, that armours 

the scarp, overlies the fault and is unfaulted. 
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Figure 2.6: Log of Alpine Fault exposure from Gaunt Creek with radiocarbon ages and seven generalized units; mylonite bedrock, 

fault gouge, faulted colluvium, terrace alluvium, most recent fault scarp (CW1), post-1717 alluvium, and the modern forest floor 

(soil), with the Alpine fault shown in red. Full log is shown in Appendix II.
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The principal fault zone strikes north-northwest and dips east-northeast (334/26 NE); 

hanging-wall mylonites and cataclasites with fault gouge at the base of the bedrock are thrust 

over unconsolidated alluvium and colluvial debris on the footwall. On the hanging wall, 

mylonite bedrock is cut by a strath surface and overlain by a folded cobble to boulder-sized clast-

supported alluvium. Attitudes within the mylonites and cataclasites are consistent with the low-

angle overthrusting observed in the gouge zone. I identified a minimum of three colluvial 

deposits in fault contact with the terrace alluvium and bedrock exposed in the hanging wall. 

Colluvium CW1 armors the scarp, overlies the principal fault plane, and is unfaulted (Figures 2.5 

and 2.6). Below CW1, the fault is characterized by a 5 - 50 cm thick zone of light bluish-gray, 

high-plasticity clay fault gouge with gravel inclusions forming a discrete contact zone between 

the terrace alluvium and older colluvial units (e.g., CW2). 

Results from radiocarbon dating allow us to further interpret the complex stratigraphic 

and faulting history of the Alpine Fault at Gaunt Creek (Table 2.1). A peat that formed on top of 

CW1 at the base of the buried scarp (sample R3F) yielded a 2 sigma calibrated (cal) age range of 

A.D. 1710-1930. Soil formed into the top of the alluvial terrace deposits (sample R5) in the 

hanging wall block is 5330-5590 cal 14C yr B.P. Two additional peat layers (samples R2* and 

R8) formed on older colluvial deposits which are now lying below the fault plane, yielded 2 

sigma calibrated ages of 2870–3140 cal 14C yr B.P. and 14750–15530 cal 14C yr B.P., 

respectively. 
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Table 2.1: Results from radiocarbon dating from Gaunt Creek Fault exposure. The laboratory 

reports from the radiocarbon sample analyses are found in Appendix III. 

 

2.5 Discussion 

New lidar data permitted discovery of a north-striking scarp, the main trace of the Alpine 

fault, north of the young Gaunt Creek terraces (Qt5-Qt7), which locally obscure the surface 

trace. I excavated an exposure of the scarp, and documented a thrust fault with as much as 50 cm 

of clay fault gouge. During the MRE, co-seismic uplift generated a colluvial deposit (CW1) that 

stabilized the fault scarp, allowing a weak soil and peat to form on the scarp. Because the 

footwall block was downthrown during the MRE and previous ruptures, 2.4 m of post-MRE 

bluish-gray alluvium derived from Gaunt Creek and its tributaries (Figures. 2.1, 2.5, 2.6) 

onlapped the fault (Figure 2.7) while burying CW1 (including the peat dated here) and portions 

of the scarp, a process that has been described by many others (e.g., Carver and McCalpin, 

1996). The stratigraphy in the exposure (Figures 2.5 and 2.6) combined with radiocarbon dating 

(Table 2.1) indicates a history of repeated late Holocene movements, including a post-1709 

surface rupture, which juxtaposed a 5 ka terrace against colluvium.  
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Figure 2.7: Comparison between the fault scarp immediately after the 1717 earthquake and in 2011 after post-earthquake alluvium 

had onlapped the fault scarp, using back-stripping, to show how alluvium had partially buried the fault scarp at the surface. Please see 

Appendix II and Figure 2.6, for the complete exposure log and detailed explanation of units.
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The ages of the faulted colluvial deposits on the footwall that range from 2870 to 15530 

cal 14C yr B.P. are likely related to previous Alpine Fault earthquakes. I interpret these combined 

observations as evidence for the 1717 rupture and thus provide the first on-fault evidence from 

the high vertical deformation zone along the central Alpine Fault for this postulated event. 

Previously, only off-fault information about the 1717 earthquake was available along the fault 

between the Haast area (Berryman et al., 2012a) and the Toaroha River (Wells et al., 1999; 

Yetton, 2000), which are ~200 km apart; there were no on-fault data to support the hypothesis of 

a single rupture through both locations. This work also provides the first documentation of MRE 

thrust motion along the fault, with dominantly low-angle thrusting on a north-northwest striking 

fault and consistent with the overall plate motion vector of 071° in the central South Island 

(DeMets et al., 1994). In addition, the strike of the thrust I document here (334°) deviates from 

the regional strike of the fault (055°); this supports fault-partitioning models developed by Norris 

and Cooper (1997).  

 I compiled all reported on- and off-fault paleoseismic records for a 1717 event on the 

Alpine Fault and suggest that at least 380 km (linear map distance) of the onshore fault ruptured, 

from Milford Sound to the Haupiri River (Figure 2.2). Prior to this study, the 1717 event was 

documented in the north from on-fault trenching near Toaroha River, Inchbonnie, and Haupiri 

River, the northern terminus of the 1717 MRE, (Wells et al., 1999; Yetton, 2000; Langridge, 

unpublished data) suggesting a minimum surface rupture length of ~70 km. These results tied 

with the results of Berryman et al., (2012a) from trenching near Haast give a on-fault minimum 

1717 rupture length of ~280 km, between the Haupiri and Turnbull Rivers (Figure 2.2). South of 

Turnbull, there are scant on-fault 1717 records, however there are tree-ring chronologies near 

Milford Sound showing the event (Wells et al., 1999), and apparently young but undated offsets 
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(<10 m) around Hokuri Creek (Sutherland and Norris, 1995). Based on regression equations by 

Hanks and Bakun (2002), which Stirling et al. (2012) determined best models the fault, a 380 km 

rupture length coupled with a seismogenic depth of 12 km (Wallace et al., 2007; Beavan et al., 

2010) is equivalent to a moment magnitude of Mw 8.1 with uncertainties (based on fault 

geometry) of Mw ± 0.1. Ultimately, the southern termination of the 1717 rupture is unknown, 

however, if portions of the offshore Alpine Fault mapped by Barnes (2009) south of Milford 

Sound ruptured with the onshore portion, the 1717 earthquake was larger than the magnitude 

calculated here. These analysis suggests that a great earthquake occurred on the Alpine Fault in 

A.D. 1717 with a long surface rupture (! 380 km), displacements of as much as 10 m (Berryman 

et al., 2012), and up to Mw 8.2, making this similar to other major strike-slip earthquakes (e.g., 

the A.D. 1906 San Andreas, California, earthquake, or the 2001 Kokoxili, Tibet, earthquake). 

The absence of any significant historical event along the fault, combined with data from the 

central section showing a great (M8+) earthquake in 1717, the fault remains the most significant 

seismic hazard on the South Island. After the Canterbury earthquakes of 2010–2012, 

incorporating updated Alpine Fault paleoseismicity data is critical to promote infrastructure 

resilience throughout New Zealand during future seismic events and great earthquakes!. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 This Chapter was published in GSA’s Geology (De Pascale and Langridge, 2012) and a reprint of this 
paper can be found in Appendix VI. 
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Chapter 3 – Alpine Fault Plate Boundary Behaviour Revealed Through Lidar 

and Field Mapping 

 

3.1 Abstract 

Analysis of light detection and ranging (lidar)-derived topography combined 

with field data enables measurement of short (<30 m), previously unrecognized 

dextral offsets beneath dense temperate rainforest along the central Alpine Fault in 

New Zealand’s South Island. Field measurements of offset geomorphic features had 

lower uncertainties than lidar measurements in some instances. Single-event 

displacements of 7.5 ± 1 m for the most recent earthquake (ca. 1717) and cumulative 

displacements of 12.9 m ± 2 m and 22 m ± 2.7 m for earlier ruptures can be binned 

into 7.1 ± 2.1 m increments of repeated dextral (uniform) slip along the central Alpine 

Fault. Comparing these offsets with the local paleoseismic record and known plate 

kinematics suggests that the central Alpine Fault earthquakes in the past 1.1 ka may 

have; (i) bimodal character, with major surface ruptures (!Mw 7.9) every 270 ± 70 

years and with moderate to large earthquakes (!Mw 7) occurring between these 

ruptures, or (ii) that some shaking data may record earthquakes on other faults. If (i) 

is true, the uniform slip model (USM) perhaps best represents central Alpine Fault 

earthquake recurrence behaviour, and argues against the applicability of the 

characteristic earthquake model (CEM) there. While if (ii) is true, perhaps the Alpine 

Fault is ‘characteristic’ and some shaking records proximal to plate boundary faults 

do not necessarily reflect major plate boundary surface ruptures. Ultimately, a review 

of Alpine Fault paleoseismic and slip data suggests that (i) is the most plausible 

interpretation, which has implications for our understanding of major plate-boundary 

faults worldwide.  
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3.2 Introduction 

The characteristic earthquake model (CEM) (Schwartz and Coppersmith, 

1984) and the uniform-slip models (USM) (Sieh and Jahns, 1984) are widely applied 

in seismic hazards assessments and earthquake forecasting. Both models propose that 

coseismic slip during large earthquakes is constant at a point, although the USM has a 

constant slip rate along the fault with frequent moderate size earthquakes, and the 

CEM has a variable slip rate along the fault, with infrequent moderate earthquakes. 

Displaced surface features on the Alpine Fault, the dextral-reverse plate boundary 

structure between the Pacific and Australian plates on the South Island of New 

Zealand (Fig. 3.1: Wellman, 1953; De Mets et al., 2010) provide an opportunity to 

investigate its earthquake history and test these models. A total of ~ 460 km of dextral 

displacement of basement terranes along the Alpine Fault (Wellman, 1953; 

Sutherland, 1999b) indicates that this is one of Earth’s major active continental plate 

boundary faults. The most recent major surface rupture on the Alpine Fault 

(henceforth most recent event; ‘MRE’) was a great earthquake in 1717 (Fig. 3.1) with 

an onshore rupture length of at least 380 km (Wells et al., 1999) and estimated 

moment magnitude (Mw) of 8.1 ± 0.1 (e.g. Chapter 2; Wells et al., 1999; Sutherland 

et al., 2007; De Pascale and Langridge, 2012). Slip during the MRE and previous 

events were hitherto unknown, due largely to the high rainfall, rugged topography and 

dense temperate rainforest cover that inhibit investigations. To investigate the 

coseismic slip and rupture behaviour of the Alpine Fault, I mapped offsets along the 

central Alpine Fault using light detection and ranging (lidar) data and field 

investigations, and compared these data with other Alpine Fault earthquake evidence.  
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The approximately 200-km-long central Alpine Fault (Fig. 3.1) extends north 

from near the Haast River to the Kokatahi River, and bounds the western edge of the 

highest part of the Southern Alps (Norris and Cooper, 2001).  

 
Figure 3.1: Location map of the Alpine Fault along the West Coast of New Zealand’s 

South Island. Time series shows the type and locations of on- and off-fault (shaking) 

paleoseismic data for the past 1.1 ka. Note the abundance of both types of data 

coincident with slip timing estimates in this study in 1717, ca. 1440, ca. 1210, and ca. 

930. Inset map shows the tectonic setting of New Zealand with the Marlborough Fault 

System (MFS), and Christchurch (CHC) shown. 
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This section of the fault is characterized by strike-slip (27 ± 5 mm/yr) and dip-

slip (8–12 mm/yr) rates from geological observations (Norris and Cooper, 2001), 

which represent 50-80% of the 39.7 ± 0.7 mm/yr relative motion across the plate 

boundary (De Mets et al., 2010; Sutherland et al., 2007). Microseismicity studies 

demonstrate that the central Alpine Fault is currently locked and without earthquakes 

above Mw 2.5 (Leitner et al., 2001; Boese et al., 2012).  

Because the Alpine Fault has not ruptured during the short (since 1840) post-

European colonisation period of New Zealand, the timing of Alpine Fault earthquakes 

has been inferred from on-fault trenching and off-fault studies (Fig. 3.1). On-fault 

Alpine Fault investigations use direct evidence for faulting such as displaced geologic 

or geomorphic features (Chapter 2; Wells et al., 1999; Langridge et al., 2010; 

Berryman et al., 2012a; De Pascale and Langridge, 2012). Off-fault shaking records 

may lie at distances of < 1 km to tens of km from an identified active fault (Fig. 3.1), 

and provide evidence for strong ground motions at a site, or upstream of a site, 

without providing surface rupture evidence. Alpine Fault shaking records include 

analyses and dating of co-seismic rock falls and landslides (Bull, 1996; Reznichenko 

et al., 2012), post-earthquake aggradational terraces (Adams, 1980b), tree ring studies 

(Wells et al., 1999), deformed river terraces, buried surfaces, and fallen trees (Adams, 

1980b; Wells et al., 1999), coastal dune progradation sequences (Wells and Goff, 

2007), co-seismic lacustrine megaturbitides (Howarth et al., 2012), and varved 

sedimentary sequences (Berryman et al., 2012b). Combined on- and off-fault records 

unambiguously show that the MRE occurred in 1717 (Fig. 3.1), with on-fault 

evidence for Alpine Fault earthquakes at ca. 1600 (Wells et al., 1999), ca. 1210 

(Berryman et al., 2012a), and ca. 930 (Berryman et al., 2012a). Off-fault records 

indicate strong shaking ca. 1826, 1717, 1600, 1440, 1210, and 930 (Adams, 1980b; 
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Bull, 1996; Wells et al., 1999; Wells and Goff, 2007; Reznichenko et al., 2012; 

Howarth et al., 2012; Berryman et al., 2012a and b). Sutherland et al. (2007) suggest 

that the 1717, 1600, and 1400 events had non-characteristic behaviour with variable 

magnitudes and rupture lengths. Recent studies argue for 260 ± 70 (Howarth et al., 

2012) to 480 years (Berryman et al., 2012a) intervals between major Alpine Fault 

earthquakes, while Berryman et al. (2012b) obtained 329 ± 68 years over 8 ka and 

consistent with the CEM but does not necessary represent the CEM.  

Creeks and associated fluvial landforms that cross strike-slip faults provide 

important piercing points, and enable measurements of coseismic slip (e.g. Wallace, 

1968; Sieh, 1978; McGill and Sieh, 1991). The smallest (shortest) slip measured 

along a fault is conventionally attributed to the most recent surface rupture, with 

larger values representing cumulative slip from multiple ruptures. Recently high-

resolution topographic data (e.g. Arrowsmith and Zielke, 2009; Zielke et al., 2010, 

2012; Oskin et al., 2012; Salisbury et al., 2012), demonstrate that remote and accurate 

offset measurements are possible where vegetation is sparse. Short offsets are difficult 

to collect and thus rare along the entire Alpine Fault (Fig. 3.2), with only seven offset 

sites reported prior to this study (Berryman, 1975; Sutherland and Norris, 1995; Wells 

et al., 1999; Langridge et al., 2010; Berryman et al., 2012a and b).  
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Figure 3.2: Offset observations along the Alpine Fault. HC: Hokuri Creek; OR: 

Okuru River; HA: Haast River; SG: South of Gaunt Creek; TR: Toaroha River, TI: 

Taipo River, IB: Inchbonnie: HP: Haupiri River. Offsets from SG are new 

measurements from this study, and are averages for the entire reach of measurements 

while other offsets are from studies mentioned in the text. The MFS intersection with 

the Alpine Fault and the northern termination of the 1717 rupture are noted.  

 

3.3 Methods 

A number of methods were used in this investigation to characterize slip along 

the Alpine Fault and to determine the relationship between recent slip along the fault 

with estimates of earthquake timing. First I accessed all previous documentation of 

dextral slip in the literature and compiled a database of slip distribution (Fig. 3.2). It is 

important to note that prior to this work there were only 7 sites that document short 

(<30 m) of dextral slip along the entire onshore fault, which demonstrates how 

challenging it is to collect data in a temperate rainforest (Berryman, 1975; Sutherland 
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and Norris, 1995; Wells et al., 1999; Langridge et al., 2010; Berryman et al., 2012a 

and b). At locations where dextral slip was not explicitly noted in the text but with 

offsets noted on mapping (e.g. Toaroha River; Wells et al., 1999), whenever there 

were two strike-slip fault strands that offset the same landform (e.g. one channel 

margin), the sum of the two dextral offsets along both of the strands would form the 

cumulative or single offset at this site (after Sieh, 1978). Based on the literature 

review, there was ~ 200 km of the fault between the Haast and the Toaroha Rivers 

without a single short dextral slip measurement reported. 

A 1-km wide, airborne light detection and ranging (lidar) survey and 

associated orthophoto datasets were collected and processed for 34 km along the 

central Alpine Fault (Fig. 3.3), in July 2010 by New Zealand Aerial Mapping 

(NZAM). NZAM was responsible for all of the lidar data collection, processing, and 

field checking. The lidar sensor positioning and orientation (POS) was determined 

using the collected GPS/IMU datasets and Applanix POSPac software. This work was 

all undertaken in NZGD2000 coordinate system using the data collected at the 

geodetic reference mark for the DGPS processing. The POS data were combined with 

the lidar range files and used to generate lidar point clouds in New Zealand 

Transverse Mercator (NZTM) map projection but NZGD2000 ellipsoidal heights. 

This process was undertaken using Optech DASHMap lidar processing software. The 

point cloud data were then classified into ground, first and intermediate returns using 

automated routines tailored to the project landcover and terrain. At the outset of the 

project a decision was made to investigate the ground points on a strip-by-strip basis 

so the impact of point density on modelling accuracy could be studied. However, it 

was found that the individual strips had an inadequate number of points on the ground 

for the algorithms to work successfully. So, the entire dataset was processed through 
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the automated routine. These, and subsequent steps were undertaken using TerraSolid 

lidar processing software modules TerraScan, TerraPhoto and TerraModeler. An 

average point spacing of 1.2 m/point allowed for the generation of the 2 m DEM and 

the data was checked for completeness of coverage. The relative fit of data in the 

overlap between strips was also checked. Comprehensive manual editing of the lidar 

point cloud data was undertaken to increase the quality of the automatically classified 

ground point dataset. This editing involved visually checking over the data and 

changing the classification of points into and out of the ground point dataset.  

A combination of lidar and field mapping was used to detect and measure 

short offsets along the central Alpine Fault.  The lidar point cloud data allowed the 

generation of a 2 m digital elevation model (DEM) that was imported into ArcGIS 

where hillshade, slopeshade, and topographic maps were used to delineate the traces 

of the Alpine Fault and measure displaced geomorphic features (<30 m; Figs. 3.3-

3.6), including identification linear valleys, sag ponds, thalwegs of small channels, 

channel margins, and wind gaps that helped demarcate Alpine Fault rupture traces. 

The abundance of rainfall, and dynamic nature of the landscape support the 

assumption that most fluvial features form between major earthquakes and are then 

offset by the next event, giving a clear record of progressive earthquakes (e.g. 

Wallace 1968; Grant Ludwig et al., 2010). Importantly, with the high-precipitation 

rates (Chapter 1) and presumed high coseismic uplift along the fault (see Chapters 4 

& 5), it is very likely that the combined coseismic uplift and post-seismic aggradation 

would facilitate the abandonment and preservation of prior offsets. I identified offset 

fault-perpendicular features at seven sites along the fault (Fig. 3.3), projected them 

into the fault using a variety of angles reflecting uncertainties and by using fault 

parallel profiles (after Sieh, 1978; McGill and Sieh, 1991; Zielke et al., 2010; 
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Salisbury et al., 2012) and measured these offsets including estimated uncertainties in 

the lidar. Another recent and valuable study that documents suitable methods to 

document slip at both long (>100 m) and shorter (~20 m) scales was demonstrated by 

Ninis et al. (2013) using methods documented by Little et al. (2010) based on 

observations along the Wellington Fault where a linear or curved projections are used 

to tie together a once-continuous mid-riser contour. The offset values measured in the 

Alpine Fault lidar were then tested by backslipping (after Frankel et al., 1997; Zielke 

et al., 2010) the topography based on the mapping in conjunction with the lidar data. 

 
Figure 3.3: Lidar (light detection and ranging) strip map location in Westland, New 

Zealand and context at the Western Southern Alps and important regional locations 

shown such as the locations of Franz Josef, the Waitangi-taona River, and the 

Whataroa River. White boxes outline short offset field locations; 1) Tartare Creek, 2) 

south of Gaunt Creek sites (including the windgap site), and 3) the McCulloughs 

Creek sites. Grayscale hillshade derived from 2 m lidar digital elevation model 

(DEM) overlain on hillshade from 25 m LINZ DEM data in green shades. 
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After addressing offsets along-strike of the fault, I then compiled the 

paleoseismic record for along the Alpine Fault for the past 1.1 ka from all peer-

reviewed sources (Fig. 3.1; Table 3.2). For this, I included all of the reported ages for 

events including their reported uncertainties. These data were mapped both spatially 

and temporally to compare the differences and similarities between locations and 

timing of on- and off- fault paleoseismic data (Fig. 3.1). 

 
Figure 3.4: Lidar hillshade maps of sites south of Gaunt Creek (wind gap), with back-

slipping to restore landforms to pre-earthquake offsets for the past three events, (A) 

Post-1717 earthquake topography (2010 lidar topography), (B) the topography 

immediately prior to the MRE with 7.5 ± 1 m dextral back-slip at the channel margin 

(3), (C) prior to the penultimate event with 13.75 m ± 1.8 m dextral back-slip at the 

wind gap (2), (D) prior to the third oldest event with 22 m ± 2.7 m of slip at the 

northeastern end of the shutter ridge (1). Note that the channel margins (3**) are 

crossed to show that they likely formed after the penultimate event based on the back-

slipped results in (C) and (D). (4) is the location of a sag pond at the base of the 

shutter ridge. 
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Figure 3.5: Lidar site maps from the Tartare Creek site. A) Shows the site with 5 m 

contours, B) Shows the slip site uninterpreted with 2 m contours, and C) shows the 

interpreted data with the slip location of an offset channel margin. AF is the Alpine 

fault, BC is a beheaded channel, CM is the offset channel margin, and SR is a shutter 

ridge. 
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Figure 3.6. Lidar site maps from the McCulloughs Creek area showing the 

uninterpreted site map on left and the interpreted map on the right with 5 m contours. 

AF stands for the Alpine Fault, and CM is for an offset channel margin. McCulloughs 

Creek’s active creek bed is mapped in blue. Note the clear diachronous tread 

abandonment on the footwall (as shown in black with the number of terrace risers), 

with ages that systematically young from the upper riser (furthest away from the 

active channel) as first described by Cowgill (2007). 

 

Through analysis of these maps, I recognized that preservation of dextral slip 

only seemed possible proximal to active, medium-sized creeks. Sites close to these 

creeks tended to have the last few dextral displacements preserved in the landscape. 

Because of the combination of steep slopes and high precipitation along the Alpine 

Fault (mean annual rainfall for the lidar swath area is ca. 3.8-4.8 m while in the 

drainage basins along the Southern Alps rangefront average 5-15 m annually; see 

http://www.niwa.co.nz; Griffiths and McSaveney, 1983), preservation of small-

distance (<30 m) dextrally-displaced features is uncommon. I found that by mapping 

active channels and recent floodplains, which are relatively easy to identify based on 

lack of vegetation cover and both areas where the main trace of the fault is obscured, I 
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was able to map areas that would not have recent slip recorded at the surface. 

Importantly, sites immediately adjacent to these modern flood terraces, creeks, and 

river channels tend to be good locations for the preservation of slip records (Fig. 3.7) 

and these tended to be sites that would yield short displacements. These were the sites 

I visited in the field and are discussed in the next section of this chapter. 

 

Figure 3.7: Map showing an example from south of Gaunt Creek, near the wind gap 

slip sites, with recent (post-1717 earthquake) erosion and deposition mapped in red. 

Areas in red will not have any slip or other paleoseismic records at the surface due 

modern erosion and/or deposition at the site. Fault traces shown in black.  

 

 With a 2 m DEM there are limitations on the resolution and precision of lidar 

measurements, therefore uncertainties from these measurements can be no less than 

plus or minus 2 m. Each offset was assigned a qualifier of high, moderate, low, or 

poor quality (after Sieh, 1978), based on ease of matching across the fault and quality 

of offset fit to rate quality of offset features. With the lidar data, I took a preferred 
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value with maximum and minimum values noted in order to obtain uncertainties at 

each slip site in conjunction with back-slipping of the data for best fit of offsets (Table 

3.1; Fig. 3.4). The largest difference between the preferred value and accepted 

minimum or maximum value was therefore used to assign the uncertainty to the ideal 

displacement measurement (e.g. Zielke et al., 2010; Salisbury et al., 2012). These 

values were then tabulated (Table 3.3). 

Field validation of lidar mapping, along with field measurements of fault 

displacements along the Alpine Fault, are extremely difficult. Not only is most of the 

rangefront along the Alpine Fault a wilderness (Westland National Park) with dense 

rainforest, trail-less, and often without road access, there are also a number of major 

rivers and creeks that must be crossed on foot to access field sites. Each of the sites 

mapped in the lidar was however located in the field and re-measured. Because of the 

extremely rugged nature of the terrain and thick temperate rainforest vegetation, 

typically I noted coordinates for sites of interest in the lidar and imported these into 

handheld Garmin GPS 60x systems to assist with locating these sites on the ground. I 

found that no other GPS system, including a differential GPS system, was able to hold 

a signal with the GPS satellites under the dense rainforest canopy and with the high 

mask angles and steep slopes along the rangefront of the Southern Alps. Existing 

creek channels were often used to expedite access through the dense rainforest and 

using a handheld GPS was invaluable for helping to locate the sites of interest from 

the lidar as sometimes I was within tens of meters of a slip site (e.g. Tartare Creek), 

but the dense rainforest obscured views (e.g. Fig. 3.8). Once at the sites on the ground, 

dense vegetation was not always an issue as some locations were relatively open at 

ground level (e.g. South of Gaunt Creek; Fig. 3.9). After finding offset sites in the 

field using printed lidar maps combined with a pre-waypoint loaded GPS, I used 
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standard geomorphic methods (tape measure and compass) to measure displaced 

features in the field in conjunction with other researchers for objective measurements. 

A minimum of three slip measurements was collected for each offset feature in the 

field and I accounted for the projection angle of the offset features as in the lidar 

mapping. As with the lidar data, the difference between the preferred value and 

minimum and maximum values was the basis for the uncertainty values (after Zielke 

et al., 2010; Salisbury et al., 2012). All of the field sites were visited on more than one 

occasion.  

 
Figure 3.8: Field photograph showing the extremely dense rainforest vegetation at the 

Tartare Creek slip site. Note the geologist in the high-visibility jacket. Wind gap and 

shutter ridge is located on right of photo in foreground (up to the north). This dense 

vegetation contributed to a “low” measurement quality designation.  
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Figure 3.9: Photographs showing the wind gap site from south of Gaunt Creek. Note 

people for scale, with bottom photograph showing the interpreted location of the 

Alpine Fault with sense of slip. The person on the right is standing on top of the wind 

gap, which is 13.75 m ± 1.8 m away from the current creek drainage. Note the 

rainforest vegetation is quite open compared with the much denser vegetation at 

Tartare Creek (Fig. 3.8). 
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Additionally with the lidar, each site was assigned a qualifier of high, 

moderate, low, or poor quality, based on the back-slipped data and quality of offset fit 

following the subjective scales developed by previous workers to rate quality of offset 

features (e.g. Sieh, 1978). Generally, if extremely dense rainforest vegetation made 

on-the-ground measurements difficult to obtain, these locations were given low to 

poor quality designations (e.g. Fig. 3.8). Low- and poor-ranked data were excluded 

from slip calculations. Uncertainties were measured in the field and debated by the 

field teams at each of the field sites. Sites where visibility was good and unhindered 

by vegetation, and the displacements were low, achieved field estimates of 0.5 m 

uncertainty, however with longer, multi-event cumulative displacements, and denser 

vegetation, the uncertainties were increased accordingly (Table 3.1). I compiled these 

slip data and combined them with the offsets documented in the literature to generate 

the offset distribution for the most recent surface-rupturing events (Fig. 3.2). 

Ultimately, some sites provided “higher-resolution” slip data in the field (the channel 

margin sites from south of Gaunt Creek), whereas other sites with very dense 

vegetation (e.g. McCulloughs Creek) were extremely difficult to measure in the field, 

in particular with longer offsets, making the lidar data more reliable. By combining 

the data, I was able to best evaluate dextral slip along the fault in these challenging 

field conditions. 

I report a central preferred measurement and minimum and maximum 

measurements (Table 3.1) reflecting measurement uncertainties (e.g. McGill and Sieh, 

1991). These sites were then back-slipped (e.g. Frankel et al., 1997; Zielke et al., 

2010, 2012) in order to check the preferred offset amounts (Fig. 3.4). South of Gaunt 

Creek near the wind gap sites where progressive displacement is apparent (Fig. 3.4), a 
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combined uncertainty of ±1 m for the shortest dextral strike-slip displacements was 

determined based on field measurements.  

Finally, measured dextral offsets (including uncertainties) were divided by the 

central Alpine Fault dextral slip-rate (27 ± 5 mm/yr; Norris and Cooper, 2001) to 

explore the timing of past Alpine Fault surface ruptures, assuming steady interseismic 

strain accumulation that is accommodated primarily by slip in large earthquakes 

(Wallace et al., 2007; Boese et al., 2012). 

 

3.4 Site descriptions 

Slip sites located along the fault in the lidar and on the ground were, from 

south to north the Tartare Creek, South of Gaunt Creek (or Wind Gap/Slip Creek sites 

– informal names), Wee Creek (informal name), and McCulloughs Creek (Fig. 3.4). 

Each of these sites is addressed in detail below.  

 The sites south of Gaunt Creek are located ~ 1 km south of Gaunt Creek 

immediately south of the first major creek (unnamed; we propose the informal name 

“Slip Creek” here because of the important slip records adjacent to this creek) south 

of Gaunt Creek (Table 3.1; Figs. 3.3). These sites were located based on the 

prominent offset channel riser that corresponds with a shutter ridge. Along an 

approximately 200 m along-strike section of the fault, a wind gap, an offset channel 

margin along the shutter ridge and two channel margins are all clearly dextrally offset. 

The main trace of the Alpine Fault is apparent as a northeast-striking linear valley and 

a sag pond is located on the fault where the shutter ridge ponds alluvium. This sag 

pond was discovered during fieldwork (Fig. 3.10), has standing water present, is very 

fine-grained clay and slit with abundant organics, and likely contains stratigraphic 
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records that could be tied with the slip measured here for local slip-rate estimates and 

should be targeted for future research.  

 
Figure 3.10:  Field photograph looking northeast along the Alpine Fault showing a 

sag pond near the wind gap sites. This site should be targeted for dating. 

 

At the southern end of this site, the linear valley along the fault is being eroded 

with springs coming out of the sidewall of the modern terrace riser at the fault zone. 

The wind gap, which is correlated with a small channel having similar channel 

architecture on the hanging wall of the fault, is quite clear in the lidar data and on the 

ground. It appears that during the past two earthquakes the shutter ridge and uphill 

facing scarp (through uplift along a minor frontal thrust here) deflected the drainage 

south along the fault where it previously flowed through the wind gap (Figs. 3.3, 

3.10). Northeast of the wind gap, the true left flank of a channel margin intersects a 

shutter ridge that has been offset and clearly visible in the lidar and in the field. 

Northeast of the shutter ridge are two channel margins that appear to have only been 
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offset once, based on their short distance, whereas the wind gap was likely offset by 

two events, and the shutter ridge likely offset by three events. The channel margins 

are inherently younger features that likely formed between the penultimate event and 

the 1717 earthquake, and were then offset during the 1717 earthquake. This 

relationship is clear when back-slipping the sites as the “young” channel margins 

(post-penultimate and offset in 1717), and younger active features to the north no 

longer correlate after backslipping to before the penultimate event because they had 

not yet formed in the paleo-drainage (Fig. 3.4).   

The Tartare Creek site (Table 3.1; Figs. 3.5, 3.8) is located ~ 300 m northeast 

of where the Tartare Creek exits the Southern Alps. The site has a number of 

prominent strike-slip features that helped us locate it including a channel margin (the 

true left side of the channel) that drains the rangefront and is deflected where it 

crosses the main trace of the fault. Immediately northeast of here there is a major 

drainage that is deflected by ~ 30 m (Fig. 3.5A), and a beheaded channel on the 

footwall of the fault. The Alpine Fault is clearly visible as a northeast-striking linear 

valley where the channel intersects a shutter ridge. The creek was deflected dextrally 

in the past two earthquakes at this site with current drainage sub-parallel to the fault 

trace along the shutter ridge (Fig. 3.5). In the past two earthquakes along the fault, 

dextral movement of the shutter ridge left the channel margin behind as a wind gap. In 

the field, this site was very difficult to locate and has an extremely dense rainforest 

vegetation cover. However GPS and lidar maps helped locate the site and determine 

the relationships between the channel margins and the wind gap, and measure the 

dextral offset there, although visibility on the ground was limited (Fig. 3.8). 

 The McCulloughs Creek site is located north of the Whataroa River at the 

junction of McCulloughs Creek (a tributary of the Whataroa River) and the Alpine 
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Fault (Table 3.1; Fig. 3.6). At the site, a flight of terraces on the footwall of the fault is 

dextrally displaced along the main strike-slip strand of the fault. The main trace of the 

fault is visible as a northeast-striking linear valley located northeast of the 

McCulloughs Creek. In the field, visibility was limited due to extremely dense 

vegetation and this yielded “poor” slip measurement data, whereas with the lidar data, 

we were able to back-slip the channel margins and terrace treads into an acceptable 

locations. Note that this site clearly demonstrates diachroneity of terrace 

abandonment, i.e. flights of small terraces that progressively step down from the back 

to the front of a tread, because portions of the lower tread lie within sheltered corners 

which are thus transported away from the active channel during strike-slip faulting (as 

first identified by Cowgill, 2007). Because this site exceeded three events and is at the 

upper end of this <30 m offset dataset, it is difficult to determine the number of 

possible surface ruptures at this site although I infer 4-6 major earthquakes based on 

uncertainties in the measurements and associated slip-per-event at this location. 

Although no samples were found to date these terraces, future fieldwork there may 

yield results that can help define dextral slip-rates along the fault at this site.  

The Wee Creek site immediately south of McCulloughs was found in the field 

under extremely dense vegetation that did not allow it to be visualized in the lidar 

(Table 3.1; Fig. 3.11). At this location, an active creek, unnamed and referred to as 

“Wee Creek”, is dextrally offset by ~ 7-8 m. Because the channel is active, margins 

were being actively eroded, and the absence of this site in the lidar, this site was given 

a low quality designation. 
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Figure 3.11: Field photograph looking downstream showing the dextral offset of the 

channel margin at “Wee Creek”. Alpine Fault shown in red. 

 

3.5 Results 

The data show a mean value of 7.5 ± 1 m of central Alpine Fault dextral slip 

for the smallest offsets with clusters of larger (cumulative) displacements measured 

within the lidar swath area averaging 12.9 m ± 2 m, and 22 m ± 2.7 m (Tables 3.1-3.3; 

Fig. 3.2).  
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Table 3.1: Offset locations and measurements from along the Alpine Fault lidar.

Feature 
number Site Lidar or 

field data Landform
Distance north 

of Franz J. 
(km)

Preferred dextral 
offset with 

uncertainty (m)
Quality

Preferred value 
at site based on 

quality and 
uncertainty (m)

1 Tartare Creek lidar
true left of channel 

margin 2 12 ± 2 Med

1 Tartare Creek field true left of channel 
margin 2 10 ± 2 Low

2 Wind Gap south 
of GC lidar

wind gap visable in the 
lidar south of GC, from 

channel exiting SW 
along shutter ridge

13 14 ± 2 High

2 Wind Gap south 
of GC field

wind gap visable in the 
lidar south of GC, from 

channel exiting SW 
along shutter ridge

13 13.5 ± 1.5 High

3 Shutter Ridge 
Margin lidar

true left of fluvial 
terrace and visable in 

the lidar
13 23 ± 2 High

3 Shutter Ridge 
Margin field

true left of fluvial 
terrace and visable in 

the lidar
13 21 ± 3 Med

4 South of GC lidar
true left of fluvial 
terrace (channel 

margin) in contact with 
site above)

13 7.5 ± 2 High

4 South of GC field
true left of fluvial 
terrace (channel 

margin) in contact with 
site above)

13 7 ± 0.5 High

5 South of GC lidar
true left of fluvial 

terrace (eastern most at 
site) 

13 7.5 ± 2 High

5 South of GC field
true left of fluvial 

terrace (easternmost at 
site) 

13 8 ± 0.5 High

6
Wee Creek 

(near 
McCulloughs) 

field (not 
visable in 

lidar)
true right creek channel 

margin
24 7.2 ± 1 Low

6
Wee Creek 

(near 
McCulloughs) 

field (not 
visable in 

lidar)
true left creek channel 

margin

24 8.2 ± 1 Low

7 McCulloughs 
Creek lidar left edge of terrace riser 

of MC
25 33 ± 3 Med

7 McCulloughs 
Creek field left edge of terrace riser 

north of MC
25 26 ± 10  Poor

Mean Values

Central 
dextral slip 

with 
uncertainty 

(m)

Inferred number of 
events

Mean single 
event 

displacement 
(m)

mean combined 
1717 without 
poor or low      

(n = 4)

7.5 ± 1 1 7.5

Mean combined 
two events 

without poor or 
low (n = 3)

13.2 ± 2 2 6.6

Mean three 
events without 

poor or low      
(n = 1)

22 ± 2.7 3 7.3

Table 3.1: OVERVIEW OF FIELD AND LIDAR OFFSET MEASURMENTS FROM THE CENTRAL ALPINE FAULT

12 ± 2

13.75 ± 1.8

22 ± 2.7

7 ± 0.5

8 ± 0.5 

7.7 ± 1.1

33 ± 3 
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Table 3.2: Compilation of all recent evidence from the literature on the timing of earthquakes for the past ~1.1 ka along the Alpine Fault. Alpine 

Fault earthquakes in 1717, ca. 1440, ca. 1210, and ca. 930. Note that the “This Study” age of 1060 to 840 is an estimate based on a back 

projection of the mean slip measured in this study and assuming constant long-term slip rate (after Norris and Cooper, 2001)

Event year     
(Mean calendar 

year with 
uncertainity)

This Study Berryman et 
al., 2012a

Berryman et 
al., 2012b

Howarth et 
al. 2012

Reznichenko   
et al., 2012

Wells and 
Goff, 2007 
(trees on 
dunes)

Wells et al., 
1999 (tree 
cohorts)

Yetton 
1998 

(trench) 

Bull 1996 
(lichens on 
rockfalls)

Adams 
1980 

(terrace 
ages)

Central Alpine 
fault event?             
(yes or no)

1826 N.D. N.D. N.D. 1860 to 1780 
(+) 1850 to 1790 1840 to 1790 1840 to 1830 N.D. N.D. N.D. No

1717 SED 1770 to 1400 N.D. 1717 1740 to 1680 1740 to 1690 1740 to 1700 1750 to 
1650 1750 to 1740 N.D. Yes

1600 (± 50 yr) N.D. N.D. N.D. 1596 to 1535 
(*) 1640 to 1540 1660 to 1610 1650 to 1600 1650 to 

1480 N.D. N.D. Maybe (^)

1440 (± 50 yr) 1495 to 1365 N.D. N.D. 1410 to 1370 1450 to 1360 1490 to 1440 1500 to 1440 1450 to 
1400 1490 to 1480 1430 Yes

1210 (± 90 yr) 1290 to 1070 1370 to 1210 N.D. 1120 to 1060 1270 to 1160 1290 to 1240 N.D. N.D. 1230 to 1220 N.D. Yes

930 (± 110 yr) 1060 to 840 1070 to 690 930 to 750 970 to 890 1040 to 950 N.D N.D. N.D. 980 to 960 980 Yes

Notes: Earthquakes rounded to nearest decade pre-1717 with mean date based on mean of all reported values. (N.D.) is not detected. (+) evidence for post-earthquake lake sediment 
deposition only in the absence of turbidites, while (*) represents a megaturbidite (strong shaking) without post-seismic sediment pulse. Shaded areas are Central Alpine fault earthquakes 
with ~ 7 m slip.  The 1600 earthquake may not have had a surface rutpure (M6-6.5) or had a surface rupture along the Northern AF long. SED represents the single event displacments we 
measured from the 1717 event in this study. The 1826 is now assumed to be from a subduction earthquake south of the Alpine Fault due to widespread tsunami deposits (Figure 3.1). (^) 
suggests that the earthqauke around 1600 was along the northern and central AF, but did not contribute much to the slip at the sites we visted in the field, although this is clear in sites further 
to the north. 

Table 3.2: COMPILATION OF EARTHQUAKE TIMING RECORDS FROM PALEOSEISMIC DATA IN WESTLAND DURING THE PAST 1.1 ka
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Table 3.3: Summary of combined lidar and field slip data and associated estimates of 

event timing based on a constant 27 ± 5 mm/yr long-term dextral slip rate (Norris and 

Cooper, 2001) and assuming the regular recurrence of large, surface-rupturing 

earthquakes. 

 

At Gaunt Creek (Fig. 3.1), on-fault dating shows that the MRE along the 

central Alpine Fault was the 1717 earthquake (Chapter 2; De Pascale and Langridge, 

2012), which is supported by abundant shaking records (e.g. Fig 3.1; Wells et al., 

1999; Howarth et al., 2012). I thus assume that the shortest observed dextral strike-

slip offsets formed coseismically in the 1717 earthquake. The lidar resolution limits 

the minimum offset that can be observed and measured remotely (e.g. 2 m), and 

therefore offsets larger than 2 m could be detected in the topographic data. 

Additionally, in the field smaller offsets (e.g. 3 m to 5 m) could be visible on the 

ground at slip locals where vegetation is limited, however no offsets < 6.5 m were 

observed in the field or in the lidar (Table 3.1). Based on the limitations of the data 

and challenging field conditions, offsets smaller than 6.5 m from smaller earthquakes 

Type and timing of slip data
Combined dextral slip 
with uncertainty (m)

Mean slip with 
uncertainty (m)

Event timing estimate        
(calendar year)

Combined lidar and field 1717 
MRE preferred (n = 2) 7.5 ± 1 7.5 ± 1 1717

Combined lidar and field two 
events preferred (n =2) 12.9 ± 2 6.5 ± 2 1430 (± 65 yr)

Combined lidar and field three 
events preferred (n = 1) 22 ± 2.7 7.3 ± 2.7 1180 (± 110 yr)

Mean slip averaged over two 
events N.A. 7.0 ± 1.7 N.A.

Mean slip averaged over three 
events N.A. 7.1 ± 2.1 N.A.

Note: The n-values reported refer to individual slip sites, and not number of measurements at 
these locations. N.A. Not applicable. 

TABLE 3.3: DEXTRAL SLIP ALONG THE CENTRAL ALPINE FAULT
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along the Alpine Fault could exist, although these have not yet been detected. 

In regards to the development of offsets risers, increased sediment input from 

coseismic landslides and base-level change causes aggradation of the steep lower 

rangefront fans, with incision of new (and unfaulted) risers forming as the creeks 

come back to grade. The faulted risers are thus abandoned, preserving offsets via the 

mechanisms described by Cowgill (2007). Additionally, I estimate an average dextral 

slip of 6.5 m ± 2 m for the penultimate (pre-1717 earthquake) and 7.3 m ± 2.7 m for 

the preceding (3rd) event, collectively defining a mean slip of 7.1 ± 2.1 m for the three 

events. Importantly, no evidence for ‘preferred’ incremental dextral slip < 6.5 m was 

found (Table 3.3; Table 3.1). Vertical offsets of 0.75 ± 0.25 m, 1.5 ± 0.25 m, and 2.5 

± 1 m were measured in the field at the three wind gap sites showing progressive slip 

(Fig. 3.4), suggesting binned, repeating incremental displacements of ~0.8 m. 

Therefore I estimate pre-1717 central Alpine Fault earthquakes at 1430 (±65yr), and 

1180 (±110 yr) that are temporally consistent with other records (Fig. 3.1).  

 

3.6 Discussion 

Central Alpine Fault dextral slip distribution is in agreement with the USM 

based on measurements of repeated slip at a point in comparison with other Alpine 

Fault offsets. Short dextral offset values reported from the southern Alpine Fault at 

Hokuri Creek (Sutherland and Norris, 1995; Berryman et al., 2012b), and at the Haast 

and Okuru Rivers (Berryman et al., 2012a), are within error of my estimates of central 

Alpine Fault mean slip (Fig. 3.2), and I interpret this to reflect similar amounts of 

coseismic slip sustained over a surface fault length of ! 300 km in 1717 (Fig. 3.1). 

North of the Toaroha River site (Wells et al., 1999; Fig. 3.2), shortest offsets are 

smaller than all southern sites (including my central Alpine Fault field sites), although 
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an additional offset there (9.5 m) perhaps records cumulative slip from both 1600 and 

1717. Northern Alpine Fault sites at Inchbonnie (Langridge et al., 2010) and Haupiri 

River (Wells et al., 1999), where the Alpine Fault dextral slip-rate is reduced due to 

plate boundary partitioning (e.g. Norris and Cooper, 2001; Langridge et al., 2010; 

Langridge et al., 2013), are within error of my central Alpine Fault cumulative offsets.  

Applying 7.1 ± 2.1 m of slip (Fig. 3.2) to each central Alpine Fault earthquake 

in the paleoseismic record (Fig. 3.1; 1717, 1620, 1430, and 1180; Wells et al, 1999; 

Howarth et al., 2012), requires the dextral slip rate in the last ~800 years along the 

central Alpine Fault to be >40 mm/yr, exceeding by ~10 mm/yr the geodetic (e.g. 

Wallace et al., 2007) and geologic (Norris and Cooper, 2001) slip rates (Table 3.4). 

Two possibilities explain this mismatch: (i) moderate-large Alpine Fault earthquakes 

(!Mw 7) may occur along the central Alpine Fault (although not observed in historical 

seismicity; e.g. Leitner et al., 2001; Boese et al., 2012), between major central Alpine 

Fault surface ruptures (!Mw 7.9), leaving surface ruptures recorded in trenches, with 

short offsets ("3 m), and associated shaking records (e.g. 1600, Fig. 3.1 & 3.2; 

Langridge et al., 2010; Wells et al., 1999; Howarth et al., 2012), but may not 

contribute substantially to offsets along the central Alpine Fault (and would be 

difficult to find), so the offset records remain dominated by major surface ruptures 

(e.g. Wesnousky, 1994; Akciz et al., 2010; Grant Ludwig et al., 2010; Zielke et al., 

2010, 2012) and (ii) some of the paleoseismic events attributed to the Alpine Fault 

may have occurred on other faults (e.g. 1826: Wells & Goff, 2007).  
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Table 3.4. COMPARISON OF SLIP WITH SLIP RATE, CENTRAL ALPINE FAULT 

Model 1      

EQ date        
(calendar year) 

Slip per event at 
sites (m) 

Required slip-rate since last 
earthquake to generate 
dextral slip-per-event 

(range in mm/yr) 

Mean slip rate 
required (mm/yr) 

1717 5 -  9.3 43 to 79 61 
1600 5 -  9.3 29 to 54 42 
1440 5 -  9.3 24 to 44 34 
1210 5 -  9.3 17 to 32 25 
930 5 -  9.3 n.a. N.D. 

    
Model 2      
EQ date      

(calendar year) 
Slip per event at 

sites (m) 
Required slip-rate since last 

earthquake to generate 
dextral slip-per-event 

(range in mm/yr) 

Mean slip rate 
required (mm/yr) 

1717 5 to 9.3 18 to 34 26 

1440 5 to 9.3 22 to 40 31 

1210 5 to 9.3 17 to 32 25 

930 5 to 9.3 n.a. N.D. 

    
Table 3.4: Two potential models that compare my slip measurements with the Alpine 

Fault slip rate required to achieve this amount of surface slip between events. Note 

that in Model 1, which includes the 1600 event, that the slip-rate would have to 

exceed the entire plate deformation at this location (>40 mm/yr) in order to generate 5 

to 9.3 m of slip per event if every earthquake has ~7 m of dextral slip. Model 2 is 

perhaps more realistic based on the mean slip-rate required based on these earthquake 

ages. This suggests that the Alpine Fault earthquake record here is dominated by large 

~ 7 m dextral surface ruptures, with moderate-large earthquakes in between these 

major surface ruptures (e.g. 1600 earthquake) consistent with the Uniform Slip Model 

(USM). n.a. is not applicable. 

 

Ultimately, (i) can be interpreted as indicating bimodal rupture behaviour of 

the Alpine Fault, while (ii) breaks with the common assumption that all seismicity in 

the vicinity of the plate boundary results from Alpine Fault ruptures, and perhaps may 

help explain why shaking records near Haast and Okuru (Wells and Goff, 2007) are 

inconsistent with nearby Alpine Fault trenching results (Berryman et al., 2012a). 
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3.7 Conclusions 

Repeated central Alpine Fault incremental dextral slip is consistent with both 

the USM and the CEM, however variable Alpine Fault slip distribution near the MFS 

(Fig. 3.2), even in areas with similar slip-rates (Norris and Cooper, 2001), suggests 

bimodal Alpine Fault behaviour, which is supported by the event records (Fig. 3.1), 

and long-term slip-rate (Table 3.4) and argues against the CEM for the Alpine Fault 

(e.g. Bull, 1996; Berryman et al., 2012b). This interpretation for AF earthquake 

behaviour agrees with recent San Andreas Fault findings (Akciz et al., 2010; Grant-

Ludwig et al., 2010; Zielke et al., 2010, 2012), which suggests that the CEM may not 

accurately represent either of these two major plate boundary faults, while the other 

possible interpretation suggests that all shaking records near a plate boundary fault do 

not necessarily represent major plate boundary earthquakes (and thus the CEM may 

best describe Alpine Fault earthquake behaviour). Importantly, shaking records found 

nearby major plate boundary faults should not always be attributed to earthquakes 

along these faults.  

Ultimately, these new offset data suggests uniform Alpine Fault slip based on 

the 7.5 ± 1 m dextral slip for the most recent earthquake (ca. 1717) and which can be 

binned into 7.1 ± 2.1 m increments of repeated dextral (uniform) slip along the central 

Alpine Fault for the past three major surface ruptures. When viewed in concert with 

all Alpine Fault offset and paleoseismic records (Fig. 3.1; Tables 3.2 and 3.4), these 

data argue against the CEM, unless some shaking records are from other nearby faults 

in South Westland (e.g. the South Westland Fault) or from one of the several mapped 

active faults in the Southern Alps (e.g. Cox et al., 2012), and instead suggests bimodal 

fault behaviour with major through-going surface ruptures (e.g. 1717, with a surface 

rupture length <300 km) in addition to large earthquakes with associated high strong 



Chapter 3: Alpine Fault plate boundary behaviour 

 

 99 

ground motions but without major slip (e.g. 1600 earthquake; Wells et al., 1999). This 

finding has global implications related to our understanding of major plate boundary 

fault behaviour and associated strong ground motion related geohazards. 
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Chapter 4 - Repetitive Alpine Fault strike-slip deformation and hanging wall 

uplift since 12 ka, Mint Creek (Whataroa River area), New Zealand 

 
 
 

4.1 Abstract  

Light detection and ranging data (lidar) data near the Whataroa River, South 

Island of New Zealand are used to delineate previously unrecognized ruptures along 

the Alpine Fault. A multi-channel analysis of surface waves (MASW) seismic 

geophysical survey was conducted to determine whether identified fault traces 

continue into the shallow subsurface (<10m depth) beneath an undeformed alluvial 

surface. Field mapping, geological characterisation, and optically stimulated 

luminescence (OSL) dating of hanging wall sediments are used to better constrain the 

geometry and kinematics of late Holocene deformation along the fault. All active 

creeks draining the range-front transport only schist and mylonite derived from local 

range-front bedrock. However, two locally-exposed hanging wall fluvial terraces are 

composed of ! 80% greywacke cobbles with fine-grained sand to silt inter beds, 

indicating derivation from greywacke bedrock source-areas in the headwaters of the 

Whataroa River some ! 20 km east and upstream from the study site. Provenance and 

shape of clasts in these terraces and the local creeks demonstrate the variability 

between lithologies and distance these clasts travelled. The subhorizontal attitude of 

laterally continuous, planar-bedded Whataroa-sourced deposits suggests that the 

adjacent bounding faults are steep strike-slip faults which would not tend to cause 

sedimentary bed rotation and tilting. New OSL ages for hanging wall sediments of 2.8 

± 0.3 ka, and 10.9 ± 1.0 ka for a Whataroa-derived terrace indicate Holocene 

aggradation along the range front. An alluvial fan composed of local-drainage schist 

and mylonite sediments is deformed into an elongate deformation bulge and yielded 
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an age of 11.1 ± 1.2 ka. These ages combined with the lidar elevations allow for the 

estimation of a 6.0 ± 0.9 mm/yr hanging wall uplift rate. MASW data show clear 

evidence for faulting up to 2.5 to 3.5 m below the ground surface and a ‘paleo-scarp’ 

that I cautiously attribute to the 1717 Alpine Fault earthquake. This scarp is buried 

by Whataroa River sediments, which are inferred to be post-most recent Alpine Fault 

earthquake age (post-1717). Similar continuity of active fault traces beneath young 

sedimentary deposits and surfaces is likely along the length of the fault. The data 

presented here provide the first on-fault Holocene uplift data from along the central 

section of the Alpine Fault north of Lake Paringa. 

4.2 Introduction 

The Alpine Fault is the main onshore plate boundary structure between the 

Pacific and Australian plates on the South Island of New Zealand (Fig. 4.1), and poses 

significant seismic hazard to people and infrastructure there (Wellman, 1953; 

Sutherland et al. 2007; De Pascale and Langridge, 2012; Stirling et al., 2012). 

Approximately 460 km of cumulative dextral displacement was documented by 

Wellman (1953), which makes the Alpine Fault one of the major onshore active 

dextral-reverse faults on Earth. The ~200-km-long central segment of the Alpine Fault 

extends from the Haast River in the south to the Kokatahi River in the north, and 

bounds the western edge of the highest part of the Southern Alps, with several 

summits over 3000 m (Norris and Cooper, 2001; Little et al., 2005; Cox et al., 2012). 

The central section of the fault also has high strike-slip (27 ± 5 mm/yr) and the 

highest dip-slip (8–12 mm/yr; Norris and Cooper, 2001) rates along the fault, which 

represent 50-80% of the 39.7 ± 0.7 mm/yr of total relative plate motion (Berryman et 

al., 1992; DeMets et al., 2010; Sutherland et al., 2007), while recent work on dextral 
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slip along the Alpine Fault demonstrates an average of 7.1 m ± 2.1 m of dextral slip 

during each of the past three earthquakes on the central section of the fault (Chapter 3; 

De Pascale et al., In Review). The central Alpine Fault is the site of the Deep Fault 

Drilling Project (DFDP) that has yielded data on the fault structure and composition 

(e.g. Chapter 5; Townend et al., 2009; Boulton et al., 2012; Sutherland et al., 2012; 

Townend et al., 2013). The present study is focused around the Whataroa River and 

nearby Mint Creek (Figs. 4.1-4.3) and by studying the central section in this location, 

I aim to better understand the style of faulting, uplift along the fault, and associated 

coseismic geohazards from strong ground motions generated by earthquakes along the 

fault. A review of the current state of knowledge on the Alpine Fault and the Southern 

Alps rangefront near the Whataroa River is followed by a discussion of the methods 

used in this study, a presentation of the results, a discussion of the results, and finally 

recommendations for further work.  
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Figure 4.1: Location and elevation map of Alpine Fault in the South Island, New 

Zealand. Inset map A shows the tectonic setting of New Zealand. Inset B is geology 

map of the Whataroa River basin dashed in black (after Cox and Barrell, 2007) with 5 

bedrock Alpine Fault hanging wall rock units (from high to low metamorphic grade; 

GO: Garnet to Oliogoclase Zone quartzo-feldspathic schist (curly schist); B: Biotite 

Zone Quartzo-feldspathic schist; III: Chlorite Zone quartzo-feldspathic semischist and 

schist that are weakly foliated; II Chlorite Zone quartzo-feldspathic semischist and 

schist without foliation; T: Interbedded greywacke and argillite). Note the modern 

glacier ice (shown in white) and main divide at the headwaters of the Whataroa River. 
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The Whataroa River drains the Southern Alps west of the main divide (Figs. 

4.1 and 4.2) and crosses the Alpine Fault near the rangefront on its way to the Tasman 

Sea. Eastward of the Alpine Fault it contains rocks representing all of the textural 

zones of the Haast (Alpine) Schist, and greywacke is exposed in the headwaters along 

the Main divide (Figure 4.1B; Little et al., 2005; Cox and Barrel, 2007). In more 

detail, the basement rocks exposed in the Whataroa consist of higher Garnet!

Oligioclase Zone (TZ4) metasedimentary rocks that grade into the Biotite Zone and 

then to the low grade Chlorite schist and semischist, and finally greywacke and 

argillite at the headwaters ~ 25 km east of the range-bounding Alpine Fault. 

 
Figure 4.2: Oblique aerial photograph looking southeast at the rangefront of the 

Southern Alps where the Whataroa River exits the mountains. Mint Creek (blue 

arrow) is the first major Creek right (southwest) of the Whataroa River in the 

photograph that crosses the main highway (SH 6). The Alpine Fault runs through the 

dense temperate rainforest at the base of the rangefront. 



Chapter 4: Repetitive Alpine Fault strike-slip deformation and uplift 

 

 105 

The ~ 450 km2 Whataroa River catchment (Figs. 4.1B and 4.2) contains 

several high peaks up to 3000 m, icefields (e.g. the Garden of Eden), and major valley 

glaciers (e.g. Whymper), in its headwaters. Active glaciers extend down to ~ 1000 m 

elevation in the headwaters (Figs. 4.1 and 4.2). Quaternary glaciation and glacial 

sediments, surface ruptures from the Alpine Fault and other faults (Chapter 3; De 

Pascale et al., In Review), and ongoing mass movement and fluvial erosion have 

generated the Quaternary stratigraphy and landscape along the rangefront of the 

Southern Alps near the Whataroa River. The last glacial maximum (LGM) occurred 

between 28 to 20 ka (Suggate and Almond, 2005; Alloway et al., 2007; Golledge et 

al., 2012) with glaciers completely covering the central Alpine Fault’s surface traces 

and in several cases extending westward beyond the current coastline onto the 

continental shelf (Barrell et al., 2011). Based on pollen records from the nearby 

Okarito bog (Vandergoes et al., 2005), Westland glaciers underwent retreat from 

LGM limits around 17.3 ka and with continued warming until 11 ka when a lowland 

podocarp/hardwood rainforest developed (Vandergoes et al. 2005). Shulmeister et al. 

(2010) recently suggested that extensive ice persisted in valleys east of the main 

divide of the Southern Alps between 18–11 ka with gradual up-valley retreat, and that 

by as late as 15.5 ka glacier termini may have retreated as little as 5–10 km up into the 

headwaters of the Southern Alps from LGM terminations.  

The entire Whataroa catchment would have been completely ice covered from 

~28 to 16.7 ka BP or later (Barrell, 2011; Barrows et al., 2013). There are prominent 

moraines around the margins of the lower Whataroa, which inferred to be post-Moana 

(17.7 to 16.7 ka BP) and post-Larrikins (20.8 to 20.0 ka BP) in age (Late 

Otiran/LGM; Barrell, 2011; Barrows et al., 2013). As the Whataroa Glacier retreated 

large alluvial fans were deposited along the sides of the valley east of the Alpine Fault 
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(a radiocarbon date of 10500 ± 500 year – personal communication Trevor Chinn). 

Additionally, a prominent moraine at the junction of the Perth and Whataroa Rivers c. 

8 km upvalley of the Alpine Fault demonstrates the up valley ice retreat in the Late-

Pleistocene (Cox and Barrell, 2007; Barrell et al., 2011). This suggests that the 

Whataroa ice-front was well to the east of the Alpine Fault at c. 11.5 ka. Importantly, 

the only evidence for glacier advance across the Alpine Fault after 17.7 to 16.7 ka 

Moana moraine retreat (Barrows et al., 2013) is the prominent Waiho Loop moraine 

south of the Whataroa River near Franz Josef Glacier (Wardle, 1978). This moraine 

was thought to be the archetype Younger Dryas-style moraine on the west coast and 

to reflect a major climate-driven advance between 12.4-11.5 ka (Mercer, 1988; 

Denton and Hendy, 1994). Recent research on the moraine (Tovar et al., 2008, 

Shulmeister et al., 2009, Reznichenko et al., 2012), however, indicates that the it was 

generated by a major coseismic rock avalanche depositing debris on top of the Franz 

Josef Glacier, insulating the glacier and causing its retreat to be halted (Alexander et 

al., In Review), thus forming the Waiho Loop, although this still remains a topic of 

debate (Vacco et al., 2010). Additionally, Larsen et al. (2005) and Reznichenko et al. 

(2012) showed that several alpine Holocene moraines are temporally well-correlated 

with inferred major Alpine Fault earthquakes (e.g. Wells et al., 1999; Wells and Goff, 

2007; Howarth et al., 2012), and thus may be the result of coseismic rockfall and rock 

avalanches, suggesting that several moraines in the Southern Alps may be indicators 

of paleoearthquakes rather than having paleoclimate implications. For these reasons I 

do not assume a post-LGM glacial readvance over the Alpine Fault where the 

Whataroa River exits the Southern Alps.  

The timing of previous earthquakes along the Alpine Fault is contentious 

because of the uncertainty in timing and location of off-fault shaking records and 
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records of surface ruptures (Chapter 3; De Pascale et al., In Review). On-fault 

paleoseismic studies use direct evidence of faulting at a specific location, such as 

faulted event horizons in the subsurface revealed by natural erosion or trenching 

investigations and/or tectonically-displaced sediments or rocks across identified fault 

traces, while off-fault records may lie at distances of < 1 km to tens of km from an 

identified active fault and provide evidence for strong ground motions at a site, or 

within a drainage basin upstream from an off-fault record, without providing any 

direct evidence for a surface rupture. Sedimentary and tree records indicate strong 

shaking near the central Alpine Fault around 1826, 1717, 1600, 1440, 1210, and 930 

(Adams, 1980b; Bull, 1996; Wells et al., 1999; Wells and Goff, 2007; Reznichenko et 

al., 2012; Howarth et al., 2012; Berryman et al., 2012a and b). On-fault studies 

provide direct evidence for Alpine Fault earthquakes in 1717, 1600, 1440, 1210, and 

930 (Chapters 2 and 3; Wells et al., 1999; Berryman et al., 2012a; De Pascale and 

Langridge, 2012; De Pascale et al., In Review). Combined on- and off-fault records 

unambiguously show that the most recent earthquake (MRE) along the Alpine Fault 

occurred in 1717. 

The present-day Whataroa floodplain is entirely post-glacial fluvial infill 

based on the regional evidence of glaciations described previously and from face logs 

from the Whataroa River (Fig. 4.2; Klahn, 2011). Its topmost several metres appear to 

have formed from massive aggradation following the 1717 and 1600 earthquakes 

(Berryman et al, 2001; McSaveney, 2002; Klahn, 2012). Two major recent terraces of 

the Whataroa have been mapped here (McSaveney, 2002; Klahn, 2011), that are 

attributed to aggradation events following earthquakes in 1600 and 1717. The most 

recent surficial geology map here shows undifferentiated post- and late-glacial fan 

deposits and post-glacial alluvium where the Whataroa River emerges from the 
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Southern Alps (Cox and Barrell, 2007; Barrell et al., 2012), while bedrock mapping 

shows schist and mylonite in this area (Fig. 4.1; Cox and Barrell, 2007; Barrell et al., 

2012).  

Previous mapping of the Alpine fault near the Whataroa River was undertaken 

by Norris et al. (2012), two active strands of the fault (with approximate locations) 

were mapped as sub-parallel strike-slip strands coalescing to form a single trace of the 

fault at Mint Creek. North of Mint Creek this single strand continued northeast to the 

Whataroa River where it changed in strike (NNE from NE) and style of faulting into a 

thrust segment. More recently, Langridge et al. (2010), Barth et al. (2012), De Pascale 

and Langridge (2012), Langridge et al. (In Review) used light detection and ranging 

(lidar) data to investigate the central Alpine Fault including the area around the 

Whataroa River. Preliminary mapping using digital elevations models (DEMs) 

derived from these lidar data revealed new traces of the fault showing two sub-parallel 

fault strands that do not merge at Mint Creek (Langridge et al., 2010), instead, the 

traces terminate at the edge of the rangefront. Barth et al. (2012) mapped and 

identified east-northeast-striking anticlinal ridges that were described as bedded river 

terrace deposits folded into an asymmetric anticline with a moderately dipping 

northwest limb and shallowly dipping southeast limb near Mint Creek.  Similar 

anticlinal structures have previously been identified along the Alpine Fault near 

Paringa (~60 km south of the study area; Simpson et al., 1994; Adams, 1979; Suggate, 

1968), and along the similarly dextral-reverse Wairarapa fault on the North Island of 

New Zealand (Carne and Little, 2012).   

4.3 Methods 

A number of methods were used in this study to characterise the Alpine Fault 

near Mint Creek close to where the Whataroa River emerges from the hanging wall 
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rangefront (Fig. 4.2) of the Southern Alps (Pacific Plate) onto the footwall (Australian 

Plate). Desktop mapping using lidar data was combined with field mapping, 

stratigraphic mapping, geological characterisation of sedimentary units, MASW 

geophysical mapping of the near-surface, and optically stimulated luminescence 

(OSL) dating of samples collected in the field. 

A kilometre-wide airborne lidar survey was flown in 2010 and targeted the 

Alpine Fault. Details on the collection and processing of these data are outlined in 

Langridge et al. (In Press) and allowed for the generation of a robust 2 m digital 

elevation model (DEM). Desktop mapping was conducted in ArcMap where hillshade 

and slope maps were derived from the DEM to help with fault and surficial mapping. 

Topographic profiles were derived to help understand stratigraphic relationships, 

erosion, and tectonic deformation. 

The primary goals of the MASW survey were to characterise the shallow (! 10 

m) subsurface geology of the Whataroa River outwash deposits near the rangefront of 

the Southern Alps and to determine whether nearby mapped fault traces are present 

beneath the surface of these deposits, which show no evidence for surface faulting. 

The MASW technique is described in detail by Park et al. (1999), however a brief 

introduction is given below. In most active source seismic surveys, with seismic 

sources generated using a sledgehammer or explosives, two thirds or more of the 

source energy is converted into Rayleigh waves, seen as ground roll (Rayleigh, 1885). 

Ground roll is defined as a type of noise generated by a surface wave, typically 

composed of low velocity and frequency, large amplitude waves (e.g. Claerbout, 

1983; Saatcilar and Canitez, 1988). MASW uses properties of ground roll to identify 

near-surface elastic characteristics. Each wavelength travels at a different speeds, 

reflecting elastic properties at varying distances from the sound source. Rayleigh 
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waves are confined to the air/earth interface and disperse at different velocities 

presenting a dispersion curve, which is then inverted to produce a shear wave (Vs) 

velocity profile (a 2-D Vs model). Shear-wave velocity is proportional to the shear 

modulus, which describes the material response to shear strain and indicates rigidity 

of a material (e.g. Xia et al., 1997). Thus a Vs profile obtained from ground roll can be 

used as a near-surface stiffness profile, providing a useful, non-invasive tool for 

geotechnical investigations (Park et al., 1999). For this survey, MASW data were 

collected between the Whataroa River and Mint Creek perpendicular to the strike of 

the Alpine Fault using a Geometrics StrataVisor NX 48 seismograph with 4.5 Hz 

geophones. The survey was designed to intersect the extrapolation of a clear trace of 

the fault that cuts across Mint Creek to the west of the Whataroa River (Fig. 4.3). The 

seismic source used in this study was a sledgehammer on a metal plate. The data were 

stacked with six shots at each location along the ~ 350 m long profile to reduce 

potential noise. 

Field mapping focused on validation of lidar geomorphic mapping and 

geological characterisation of mapped units. As the rangefront of the Southern Alps is 

covered by dense temperate rainforest in this location, active creek channels and 

logging trails provided the majority of access. Fresh natural exposures due to 

undercutting of banks of active creeks (e.g. Mint Creek) revealed the composition and 

depositional character of these units. A handheld GPS was used to document the 

locations in relation to the lidar maps and site photographs were taken in the field. 

Clast counts were undertaken at several locations in creeks, on interfluves surfaces 

between creeks, and along trails, in order to characterise provenance, lithology, clast 

size, and clast roundness and infer deposition history, origin, and post-deposition 

tectonic deformation. At each site, photographs were taken of cleared exposures and 
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creek beds, and 100 clasts were counted with degree of roundness and rock type 

noted. Additionally, I attempted to find samples for age control of these units, 

however fieldwork did not yield any samples suitable for radiocarbon dating. The 

presence of finer-grained sediments in exposures found during field mapping, from 

silt- to sand-sized fractions at three sites, which represent three different geomorphic 

surfaces in the lidar mapping, were collected for optically stimulated luminescence 

(OSL) dating of quartz. 

The goal of OSL dating is to establish the timing of the burial of mineral 

grains in sedimentary deposits (Aitken, 1985, 1998; Duller, 2008). OSL 

measurements were performed on field samples at Laber Scientific’s laboratory in the 

United States of America. For each OSL sample, quartz was extracted for equivalent 

dose (De) measurements. The samples were treated firstly with 10% HCl and 30% 

H2O2 to remove organic materials and carbonates, respectively. The fraction of 90-

150 µm was chosen for De determination. The grains were treated with HF acid 

(40%) for about 60 min, followed by 10% HCl acid to remove fluoride precipitates. 

Quartz OSL measurements were performed using an automated Risø thermal 

luminescence/optically stimulated luminescence reader (TL/OSL-20). Stimulation 

was carried out by a blue LED (!=470±20 nm) stimulation source for 40 s at 130o C. 

Irradiation was carried out using a 90Sr/90Y beta source built into the reader. The OSL 

signal was detected by a 9235QA photomultiplier tube through a U-340 filter with 7.5 

mm thickness. For De determination, single-aliquot regenerative (SAR) dose protocol 

was adopted. The preheat temperature is chosen to be 240o C for 10 s and cut-heat is 

200o C for 10 s. The final De is the average of Des of all aliquots, and the error of the 

final De is the standard error of the De distribution. For De determination, small 

aliquot (dia. 0.3 mm) was used.  
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The quartz OSL was fast component dominated. Recycling ratios were 

between 0.90-1.1. Recuperation is negligible and the cosmic ray dose rate was 

estimated for each sample as a function of depth, altitude, and geomagnetic latitude. 

The concentrations of U, Th, and K were measured by neutral activation analysis. The 

elemental concentrations were then converted into annual dose rate, taking into 

account of the effect of water content. The final OSL ages was then determined by 

dividing De values for each sample by the dose-rate.  

 

4.4 Results 

Lidar mapping reveals a number of geomorphic surfaces including two distinct 

fluvial terraces on the hanging wall, alluvial fans that cross several fault traces, 

incised canyons and active creeks including Mint and Arthur’s Creeks (Figs. 4.3). 

Direct evidence of active faulting in the area includes deflected creeks, offset 

hillslopes, and shutter ridges along with linear, along-strike valleys (Fig. 4.3). A 

generalized cross section shows the nature of the rangefront with evidence of strike-

slip faulting expressed in the hanging wall as segmented traces of the fault with 

deformational bulges (Fig. 4.4). Topographic profiles sub-perpendicular to fault strike 

reveal a series of sub-parallel strike-slip fault traces, that vary in strike from 055 to 

065 (Fig. 4.5), while mapping demonstrates continuous strike-slip fault traces that 

range from 230 m to 1800 m long, cutting across several different surfaces (Figs. 4.3 

and 4.5). Fault traces are almost completely absent west of the rangefront, even where 

there are prominent surface projections through hanging wall deposits identified 

during desktop mapping.



Chapter 4: Repetitive Alpine Fault strike-slip deformation and uplift 

 

 113 

 
Figure 4.3: Lidar hillshade model with geologic and geomorphic mapping, OSL sample (Fig. 4.5), MASW survey (Fig. 4.10), and cross-section 

locations (Fig. 4.4), along the Alpine Fault, Mint Creek/Whataroa River area. 
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Figure 4.4: Generalized cross section from near Mint Creek showing mapping and 2 OSL age sample locations. Clast count lithology 

demonstrates sediment provenance variability between the local schist-mylonite bedrock and the Whataroa River basin-derived greywacke. Fault 

dip is inferred to be steeply-dipping based on the fault cutting across several surfaces with varying elevations (Figs. 4.3 and 4.5). 
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Figure 4.5: Topographic profile locations plotted on a lidar hillshade map near the Whataroa River. Profiles 1-9 are perpendicular to the Alpine 

Fault and have the surface traces of the fault noted where the profiles intersect the fault. Profiles 10 and 11 are sub-parallel to the fault. The 

eastern end of profile 11 covers a terrace that is ~260 m higher than Qt1. 
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 Field mapping reveals five important facts;  

1) only schist and mylonite bedrock (southeast dipping) is found in the area 

around Mint Creek and then only at the base of some active creek exposures,  

2) the two major fluvial terraces on the hanging wall of the Alpine Fault are 

composed of clast-supported sub-rounded to well-rounded dominantly greywacke 

cobble clasts (80% or greater slightly metamorphosed greywacke by clast count with 

20% or less schist or mylonite) with interbedded 10 to 50 cm thick, fine-grained sand 

to silt beds showing planar undeformed alluvial bedding (Table 4.1; Fig. 4.6). Clast 

count observations from the modern Whataroa River show that 80% of the modern 

river bed is composed of greywacke, consistent with the terrace results,  

3) all active creeks draining the range-front (including Mint and Arthur’s 

Creek) carry bedload of angular to sub-rounded boulder to gravel-sized schist and 

mylonite clasts derived from the local bedrock in the drainage, this lowers to 80% or 

greater schist or mylonite by clast count with 20% or less greywacke content 

downstream of where the creeks incise into the two terraces noted in (2) (Figs. 4.4 and 

4.7),  

4) almost all surfaces on the hanging wall are partially covered by angular to 

sub-angular schist/mylonite talus (Figs. 4.3, 4.4, 4.6) derived from local bedrock, 

which is then stabilised in position by dense rainforest vegetation; and  

5) only one trace of the Alpine Fault appears to extend beyond the range front 

along strike from clear fault traces identified in the lidar and was found in the field 

approximately 200 m west of where Mint Creek exits the rangefront between two 

recent debris flow fans (Figs. 4.3, 4.8, 4.9). This inferred fault trace is present as ~ 1.2 

m high linear scarp that strikes northeast (058° ± 005°), and likely degraded from 

livestock (cows) and deforestation disturbance. The scarp separates two flat-lying 
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surfaces, the upper being covered by mature rainforest vegetation while the lower 

surface has been cleared for grazing.  

 
Figure 4.6: Field photographs from the Mint Creek area, showing: A) Whataroa 

River terrace deposits found in a shutter ridge/deformational bulge with OSL sample 

location and dominantly greywacke well-rounded cobbles (Whata-OSL-3); B) the 

upper Whataroa terrace (Qt1) with OSL sample site with dominantly greywacke 

boulders to cobbles overlain by a fining-upwards sand to silt sequence (Whata-OSL-

1); C) Alluvial fan unit (Qfy1) with OSL sample location with schist and mylonite  

clasts (Whata-OSL-4); and D) Photograph looking northwest of the upper Whataroa 

terrace (Qt1) with a continuous flat-lying and undeformed sandy bed between well-

rounded greywacke boulder to cobble horizons ~ 3 m lower in the sequence from the 

Whata-OSL-1 sample location (note the flat lying plain in the background which is 

inferred to be the year 1600 aggradation terrace of the Whataroa River, while low-

lying hills in the background are LGM and Pre-LGM moraines). For scale, the trowel 

is 30 cm long, the machete is 50 cm long, the glove is 10 cm wide and 20 cm long, 

and the scale bar is 15 cm long.    
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Figure 4.7: Field photographs from Mint Creek showing; A) variable rock types and 

roundness from Mint Creek bedload with angular to sub-rounded schist and mylonites 

(curly schist) from the local Mint Creek bedrock along with Whataroa terrace-derived 

rounded to well-rounded lighter-colored greywacke alluvium; B) angular Alpine 

schist and mylonite talus overlying the Whataroa terrace (Qt1). C) looking north along 

Mint Creek at a natural exposure of the upper Whataroa terrace (Qt1;QoW1/Q0W2), 

note the rounded clasts and low-grade metamorphic greywacke rocks which outcrop > 

20 km away in the headwaters of the Whataroa River. For scale, the glove is 10 cm 

wide and 20 cm long, and the clippers are 22 cm long. 
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Figure 4.8: Field photographs of a potential Alpine Fault scarp ~ 200 m west of 

where Mint Creek emerges out of the rainforest and onto the farmland at the base of 

the rangefront. Scarp strikes northeast (058° ± 005°), is ~ 1.2 m high, and degraded 

from livestock (cows) and deforestation. A) Photograph of the fault scarp with old-

growth trees growing on the relatively-flat upper surface.  B) Photograph looking 

southwest along strike of scarp. Note that fencepost is roughly at the base of the scarp 

and for scale the backpack is ~ 60 cm long while the shovel is ~ 80 cm long.   
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OSL dating near Mint Creek (Tables 4.1 and 4.2) show ages of 2.8 ± 0.3 ka 

BP (before present) and 10.9 ± 1.0 ka BP for alluvial terraces, along with an older 

alluvial fan composed of local-drainage schist and mylonite bedrock at 11.1 ± 1.2 ka 

BP.  

 

 
Table 4.1: OSL results from near Mint Creek, South Westland, New Zealand. Please 

see Appendix IV for the full OSL Report. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

K Th U Grain size Water Content  Dose rate De OSL Age 
Lab ID (%) (ppm) (ppm) (!m) （%） (Gy/ka) (Gy) (ka BP)

whata-OSL-1 LS1266 1.908 ± 0.067 13.570 ± 0.407 2.843 ± 0.159 90-150 20 ± 5 2.82 ± 0.19 30.8 ± 2.0 30 10.9 ± 1.0

whata-OSL-3 LS1267 1.676 ± 0.067 11.380 ± 0.364 2.501 ± 0.183 90-150 6 ± 5 2.87 ± 0.21 7.9 ± 0.8 32 2.8 ± 0.3

whata-OSL-4 LS1268 1.526 ± 0.066 12.030 ± 0.397 3.021 ± 0.196 90-150 29 ± 5 2.46 ± 0.17 27.2 ± 2.3 32 11.1 ± 1.2

Sample ID
Num. of 
aliquots

TABLE 4.1: OSL AGE ESTIMATES AND PARAMETERS USED FOR DATING FROM SEDIMENTS FOUND NEAR MINT CREEK
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Table 4.2: Uplift rates and unit descriptions from the Mint Creek area samples, South 

Westland, New Zealand 

 

MASW results from the survey undertaken on the young, post-1717 

earthquake Whataroa outwash surface yielded a 2-D Vs model down to ~ 9 m below 

ground surface (Fig. 4.10a). Shear wave velocities between 200 m/s and up to 800 m/s 

were derived from the survey. One major discontinuity was present in the MASW 

Unit OSL Age Location Surface 
elevation

Elevation 
difference

Uplift 
rate 

Uplift 
rate

Uplift 
rate Significance

Description (ka) (m)
between 

AUS/PAC* 
(m)

max 
possible 
(mm/yr)

min 
possible 
(mm/yr)

mean 
(mm/yr)

whata-
OSL-1

Greywacke dominated 
GRAVEL (~80% greywacke 
clasts, sometimes with 
quartz veins up to 3 cm thick 
but non-foliated) rounded to 
subrounded clasts with ~ 
20% sub-angular to sub-
rounded mylonite/schist 
clasts), bedded with planar, 
flat-lying bedding with 
cobble to fine gravel clasts. 
(Whatarora outwash terrace 
ALLUVIUM)

10.9 ± 1.0

Whataroa 
River 

terrace 
Qt1

130 ± 5 55-75 7.6 4.6 6.0 ± 0.9

Provides an 
estimate of Qt1 
deposition and  
uplift rate estimate 
for this Whataroa 
River terrace that is 
now 55 to 75 m 
above the 
floodplain of the 
Whataroa River 
deposits on the 
footwall at ~ 10.9 
ka.  

whata-
OSL-3

Greywacke dominated 
GRAVEL (~ 80% greywacke 
clasts, sometimes with 
quartz veins up to 3 cm thick 
but non-foliated) rounded to 
subrounded clasts with 
~20% sub-angular to angular 
mylonite/schist clasts), 
bedded with planar, flat-
lying bedding with cobble to 
fine gravel clasts. 
(Whatarora outwash terrace 
ALLUVIUM)

2.8 ± 0.3

Whataroa 
River 

terrace 
deposits 

found in a 
shutter 
ridge

90 ± 5 (^) n.a. n.a. n.a. n.a.

Provides an 
estimate of timing 
of deposition of a 
Whataroa River 
deposits found in a 
shutter ridge / 
deformational 
bulge. 

whata-
OSL-4

Schist and mylonite clast 
(100%) fine GRAVEL with 
sand, angular to sub-angular 
debris flow dominated 
allvuial fan deposits, with 
rare bolders (shutter 
ridge/deformational bulge 
ALLUVIUM). Note that no 
greywacke was found here 
or upstream of this sample 
location.

11.1 ± 1.2

Mint 
Creek 
debris 
flow 

171 ± 5 n.a. n.a. n.a. n.a.

Provides a potential 
estimate for post-
glacial deposition 
timing at the site. 
Not useful for 
uplift estimates 
because of 
uncertainties in the 
position at 
deposition relative 
to the footwall and 
folding within the 
bulge.

Sample 
ID

Notes: AUS is the Australian Plate, PAC is Pacific Plate. (*) Using an elevation range of 60-70 m to represent a baseline for the 
Australian Plate and taking into account Holocene sea-level variability (after Waelbroeck et al., 2002; Thompson and Goldstein, 2005) 
and thus Whataroa base level variability, and considering the Australian Plate which has an "interseismic" uplift rate of <1 mm/yr 
(Beavan et al., 2010) which means in the ~ 11 ka since deposition of Qt1, the footwall has likely experienced ~11 m of uplift. n.a. is not 
applicable. (^) range given for elevation because of sample location within the section and not at top of terrace.

Table 4.2: ALPINE FAULT HANGING WALL UPLIFT RATE ESTIMATE FROM NEAR THE WHATAROA RIVER
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data at around 220 m along the survey line, with a clear lateral variation in Vs 

observed from ~ 2.5 m below the surface down to the base of the profile. 

 

 
Figure 4.9: Photograph of a debris flow ~ 500 m along the Whataroa Valley road 

(from SH 6) showing the cobble to boulder-sized schist and mylonite blocks derived 

from the local bedrock. Note person for scale. Photograph taken in mid-2011. 
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Figure 4.10: MASW survey profile across a lidar surface projection of the Alpine 

Fault between Mint Creek and the Whataroa River. Survey was collected on a post-

most recent earthquake (post-1717) outwash surface with no surface traces visible 

(Fig. 4.3). A) uninterpreted shear wave profile; B shows a possible interpretation of 

these data that include the location of the Alpine Fault (AF), footwall (FW), and 

hanging wall (HW), associated gravel units and approximate timing of deposition 

(that is pre- and post-1717 alluvium) based on a clear shear wave velocity contact at 

~300 m/s between slower younger sediments and faster older sediments. Note the 

high (~ 800 m/s) velocities proximal to the fault and vertical step in velocities that are 

coincident with the fault trace in both profiles. Two vertical processing anomalies are 

indicated with black arrows on the interpreted profiles. 
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4.5 Discussion 

The ~ 1.2 m high (up to the east), strike-slip Alpine Fault scarp west of Mint 

Creek at the base of the rangefront is preserved at a location of a type in which scarp 

preservation is rare (Figs. 4.3, 4.5, 4.8). From Arthurs Creek to the Whataroa River, 

only one possible surface trace of the fault was found as a recent fault scarp through 

the combination of lidar and field mapping, although it is likely that several traces 

continue outboard of the high topography and are buried by rangefront deposition 

from local catchments and the Whataroa River. During major earthquakes along the 

Alpine Fault, ruptures propagate to the surface leaving fault scarps. Immediately 

afterward, the active creeks and rivers along the fault deposit alluvium at the base of 

the range front where the slope angle decreases and carrying capacity is reduced (e.g. 

Mint and Arthurs Creeks). This increased deposition results from strong ground 

motion-induced landslides into the drainages of these creeks. Recent work on lake 

sediments in Westland (Howarth et al., 2012) provides important insights into co-

seismic and post-seismic landscape responses related to large earthquakes. They 

demonstrated that there is a three-fold increase in sediment flux for approximately 50 

years after large earthquakes in Westland. I suggest that the potential fault scarp 

shown in Figure 4.8 formed during the 1717 Alpine Fault earthquake in the inferred c. 

1600 outwash surface (although this surface remains undated), which was likely 

deposited, based on the results presented above by Howarth et al., (2012), between 

1600 to 1650. Modern sedimentation from Mint and Arthur’s Creek, as well as other 

unnamed creeks, carries angular to sub-rounded schist and mylonite bedload, often 

operating as debris-flow fans (e.g. Fig. 4.9) forming alluvial fans where they exit the 

rangefront onto the 1600 or 1717 Whataroa outwash surfaces. These fans coalesce in 

most cases; however west of Mint Creek there is a ~ 150 m section between these fans 
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that appears to have not been covered by alluvial sedimentation after the 1717 

earthquake, based on the flat surface, clear scarp, and absence of the hummocky 

micro-topography that is typical of the fans there, and this absence of sedimentation 

consequently preserved the scarp there. A small, unnamed creek drains the rangefront 

at the southern end of the scarp and during flooding events its drainage may trim 

and/or alter this scarp. This trimming, in addition to vegetation clearance for 

conversion of rainforest into pasture, has likely altered the scarp and because of this, 

trenching or test pitting, combined with age control of the surfaces, will be required to 

validate the timing of the scarp formation. 

New OSL results (Tables 4.1 and 4.2; the first OSL dates from along the 

central Alpine Fault) are stratigraphically consistent (with younger more recently 

deposited sediments lower on the rangefront) as can be seen in Figure 4.3. These 

dates, combined with the field mapping and geological characterisation, show 

alluvium from the Whataroa River that was deposited around 10.9 ± 1.0 ka (Qt1; Figs. 

4.3 and 4.6) and 2.8 ± 0.3 ka. These sediments are composed of cobbles, gravel, sand, 

and silt that travelled long distances (well-rounded), with lithologies that are 

dominantly from bedrock found near the headwaters of the Whataroa (low-grade 

semischist and slightly metamorphosed greywacke; Figs. 4.1-4.5), ~ 20-25 km away 

from the rangefront; and are inconsistent with the local high-grade schist and 

mylonites that are currently being deposited by the modern Mint and Arthur’s Creeks 

and their tributaries. The alluvial fan dated at 11.1 ± 1.2 ka (Table 4.1 and 4.2; Fig. 

4.2 and 4.6) was derived from the local drainage basin based on the short transport 

distance of its sediments (angular to sub-angular clasts) and exclusively composed of 

high-grade schist and mylonites. The presence of this alluvial fan forming sometime 

along the rangefront at 12.3 to 9.9 ka BP (Table 4.1) demonstrates that the rangefront 
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was ice-free by this time which is consistent with regional glacial retreat evidence 

(e.g. Barrell, 2011; Barrows et al., 2013).  

These new data show that Alpine Fault near Mint Creek is dominantly strike-

slip, with clear traces cutting across ~11 ka and older surfaces of varying elevations, 

and several deformational bulges observed along these traces that are likely thrust-

bounded (Figs. 4.3-4.5). However, no there is no evidence for widespread tilting of 

deposits, which would indicate a dominantly thrust sense of slip (e.g. Roering et al., 

1997) here since ~ 11 ka. At around ~ 11 ka, alluvial sediments were deposited on the 

hanging wall of the Alpine Fault by the Whataroa River between active strike-slip 

strands of the fault. Thin <50 cm sand and silt beds within the terrace cobble-

dominated alluvium are flat-lying, continuous, non-folded (except where they are part 

of deformational bulges; Fig. 4.3), and provide important strain markers that 

demonstrate that since ~ 11 ka (during inferred 30+ surface ruptures along the Alpine 

Fault based on recurrence intervals between 100 to 480 years; e.g. Chapter 3; Wells et 

al., 1999; Wells and Goff, 2007; Berryman et al., 2012a, 2012b; Howarth et al., 2012) 

uplift on this part of the fault has been vertical and lacking tilting. The traces mapped 

near Mint Creek have strike-slip deformation concentrated along narrow bands along 

these traces (Rockwell and Ben-Zion, 2007), are not tilted as would be expected if 

they were being deformed and rotated about a shallow dipping thrust fault as seen ~ 6 

km away at Gaunt Creek (Chapter 2; De Pascale and Langridge, 2012) and contrast 

with what would be expected near faults with significant thrust components (e.g. 

Carver and McCaplin, 1996; Roering et al., 1997; Thompson et al., 2002). However, 

dip-slip deformation is sometimes expressed along the fault as elongate thrust-

bounded pop-ups forming uphill facing scarps, which clearly demonstrates the 

reverse-component of these fault traces. Certainly a component of reverse faulting is 
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present along the fault here (and observed through the uplift of these terraces and the 

formation of the deformational bulges), however there is likely no rotational 

component of reverse faulting, as would be expected considering that the traces are 

relatively-straight and cross-cut surfaces with various elevations. The deformational 

bulges demonstrate the dextral-reverse style of faulting, with up to 100 m-wide zones 

of deformation that often pop-up 2-20 m higher than the regional rangefront slopes 

along each fault trace observed at the surface (Figs. 4.3-4.6), and are consistent with 

other observations that suggest that these bulges form above bends or stepovers along 

strike-slip faults (e.g. Richard et al., 1995; McClay and Bonora, 2001; Carne and 

Little, 2012).  

A new Holocene uplift rate estimate from along the Alpine Fault can be 

determined based on the mapping and dating of an uplifted terrace of Whataroa River 

sediments (Tables 4.1 and 4.2; Figs. 4.3-4.5). The terrace sediments (Qt1) are now 55 

to 75 m above the Whataroa River outwash plain (vertical separation) and were 

deposited around 10.9 ± 1.0 ka. This provides a time-averaged uplift rate of 6.0 ± 0.9 

mm/yr along the Alpine Fault, when taking into consideration the uncertainties in the 

elevation of the Qt1 surface as well as the uncertainties in age control, in addition to 

the possible variation in base level, and thus rangefront outwash surface of the 

Whataroa River since the deposition of Qt1 (e.g. Holocene sea-level variability; after 

Waelbroeck et al., 2002; Thompson and Goldstein, 2005), and the interseismic 

footwall uplift rate of < 1 mm/yr (Beavan et al., 2010). Based on mapping, the 

uplifted terrace surface does not appear to be eroded, besides where creeks such as 

Mint Creek are incised into it, and thus erosion rates do not need to be considered for 

the determination of uplift rates. Whataroa River outwash deposits are deposited on 

the hanging wall of the fault and uplifted away from the modern fan, which shows the 
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contribution of the Alpine Fault to rangefront uplift and the dip-slip component along 

the fault and the rates estimated here is the only dated site north of Lake Paringa (~60 

km to the southwest) with on-fault Holocene uplift rates (Simpson et al., 1994; Norris 

and Cooper, 2001; Fig. 4.1). 

MASW data collected across the projection of a surface trace of the Alpine 

Fault (Fig. 4.10) show a clear vertical discontinuity in Vs coincident with a sub-

vertical fault trace (Fig. 4.3). This shear wave discontinuity, which was found at 

depths between 2.5 to 3.5 m depths to the base of the profile (~ 9 m), can be 

interpreted as the same strand of the Alpine Fault that cuts across Mint Creek. The 

along-profile jump in Vs (from ~250 m/s to 450 m/s) at the fault demonstrates the 

contrast in ages of sediments between the hanging wall and footwall of the fault as 

well as hanging wall uplift. One simple interpretation for these Vs data is possible 

(Fig. 4.10), which has 1717 outwash from the Whataroa River, from ~ 2.5 to 3.5 m 

thick, overlying the fault plane; this is consistent with the lack of any surface traces of 

the fault in the “1717” outwash surface. Simply stated, this model (Fig. 4.10B) is 

binary, with pre- and post-1717 alluvium identified, and shows a clear trace of the 

Alpine Fault. The deposition of alluvium on the footwall of the fault after major 

earthquakes in the area is observed as a phase of post-seismic deposition similar to the 

regional mapping (Fig. 4.3), expected post-earthquake sediment deposition (e.g. 

Howarth et al., 2012) and stratigraphic mapping along the Whataroa River (Klahn, 

2011). The gradational increase in Vs velocities with depth on either side of the fault 

could be due to a combination of consolidation in response to the weight of the 

overburden (e.g. Holzer et al., 2005), and possibly increasing pedogenesis of the 

gravel outwash with depth which is expected here based on local mapping in the 

Whataroa Valley (Klahn, 2011). Approximately 1 km south from the MASW survey, 
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along the modern course of the Whataroa River in natural exposures, the inferred 

(although undated) 1717 and 1620 gravels are loose, fining upwards, and fairly 

unweathered in contrast to the underlying (1420?) gravels which are more compact, 

and show signs of slight weathering and iron staining. On- and off-fault data (Chapter 

3) indicate that the c. 1600 earthquake may not have cased a significant surface 

rupture at this location (or perhaps was an earthquake along another fault), so the 

post-1600 aggradation surface mapped here is inferred to have only been faulted once 

(i.e. 1717; Figs. 4.3, 4.8), and in most cases the 1717 surface ruptures through the 

inferred 1600 gravels are covered by post-1717 Whataroa- or rangefront-aggradation. 

Related to this, because the penultimate event on the Alpine Fault at this location was 

likely c. 1440, the post-1440 outwash at this location has only been faulted once 

(during the 1717 earthquake; Fig. 4.3 and 4.8). The most basic interpretation of 

faulting here has faulted (pre-1717 sediments) and non-faulted (post-1717) 

sedimentary packages (Fig. 4.10), but a lack of dating of these units reduces 

confidence in the more complex interpretation.  

 

4.6 Conclusions  

New lidar, field, and geophysical mapping and OSL dating show that old 

Whataroa River surfaces have been uplifted at 6.0 ± 0.9 mm/yr on the hanging wall of 

the Alpine Fault (Fig. 4.3). Deposition of greywacke-dominated Whataroa catchment 

alluvium along the foot of the rangefront buries the majority of the recent surface 

traces of the Alpine Fault near the Whataroa River, while alluvial fans derived from 

creeks along the rangefront conceal the majority of surface traces of the fault in young 

alluvial surfaces at the rangefront. During earthquakes, bedrock-sourced rockfall 

along the rangefront forms angular boulder to cobble talus aprons as seen at Mint 
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Creek overlying the hanging wall uplifted Whataroa River terrace. Outboard of the 

Southern Alps rangefront, only surfaces away from the Whataroa River (or other large 

rivers along the range) and away from local drainages that deposit debris flow alluvial 

fans at the base of the rangefront (e.g. Fig. 4.9), can preserve Alpine Fault strike-slip 

scarps between major earthquakes (Chapter 3; Berryman et al., 2012b; Howarth et al., 

2012). The rarity of preservation in this setting contrasts significantly with the multi-

event Alpine Fault thrust scarps preserved and mapped ~ 6 km to the southwest of 

Mint Creek at Gaunt Creek in Chapter 2 (e.g. De Pascale and Langridge, 2012), and 

discussed in the context of the restraining bend there in the following chapter of this 

thesis (Chapter 5). At Gaunt Creek, thrust scarps form positive relief structures 

(interfluves) due to their high dip-slip rates, which seem to be better preserved in the 

landscape than strike-slip scarps. Ultimately at Mint Creek, long-lived strike-slip 

surface traces of the Alpine Fault are only preserved in the landscape in areas away 

from ongoing (interseismic and post-seismic) sediment accumulation.  

 Lidar, field, and geophysical mapping using MASW permitted the 

identification of surface and subsurface traces of the Alpine Fault including a 

previously undetected potential strike-slip fault scarp near Mint Creek that likely 

formed in the 1717 earthquake. Sub-parallel strike-slip traces of the Alpine Fault are 

clear, through-going, relatively straight, from 280 to >1800 m long, striking NNE 

(055° to 065°), and well-preserved in the landscape away from areas of active 

sedimentation or erosion (such as the ~ 11 ka terrace dated here), and are mostly 

buried or obscured where these fault traces extend onto younger flood plains (i.e. 

Whataroa River floodplain). Deformational bulges are common in this area and are 

asymmetrical in both plan and cross-section, which suggest a sense of throw across 
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the main fault at depth based on observations from pressure bulges along New 

Zealand’s Wairarapa Fault (Carne and Little, 2012).  

 At least two items identified in this chapter deserve further attention. The first 

is the potential Alpine Fault scarp near SH 6 (Figs. 4.3 and 4.8). This location is very 

easy to access, a further investigation of this potential fault scarp should be pursued. 

The second item that should be addressed is the upper terrace, Qt0, that is ~250 m 

higher than Qt1 (Fig. 4.3 and 4.5). If this is validated, the preservation of an 

interglacial terrace from 60 ka to present, would be of interest. I attempted to reach 

this terrace to make field observations and potentially obtain samples for age control, 

however the steep and rugged terrain prevented access. 

The results presented in this chapter suggest that slip along the Alpine Fault is 

localized, often as at Mint Creek on multiple sub-parallel and presumably steeply-

dipping strike-slip strands with common flower structures observed on the surface as 

deformational bulges (e.g. Barth et al., 2012; Carne and Little, 2012).   

In contrast to the primarily strike-slip faulting documented near Mint Creek 

and the Whataroa River, in the next chapter, I revisit the reverse scarps along the 

Alpine Fault near Gaunt Creek and use them together with the DFDP-1 results and 

local dating to better constrain hanging wall uplift rates there. 
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Chapter 5 – DFDP-1 Geology, Geomorphology, Structure, and Hanging Wall 
Rock Uplift  
 

5.1 Abstract 

The Alpine Fault is the major high-slip-rate plate boundary fault that bounds 

the western edge of New Zealand’s Southern Alps. Phase 1 of the Deep Fault Drilling 

Project (DFDP-1) cored the central Alpine Fault, which has the highest uplift rates, 

at Gaunt Creek. Using borehole data together with light detection and ranging (lidar) 

and mapping data, I present a review of the Quaternary geology, geomorphology and 

structure of the fault at Gaunt Creek, and calculate new Late-Pleistocene hanging 

wall rock uplift rates. Structurally, Gaunt Creek is located at a 2-km-wide restraining 

bend dominated by dip-slip low-angle thrust faulting and without the clear strike-slip 

displacements that are present along nearby (<5 km along strike) sections of the fault. 

Steep bedrock slopes dominated by mass wasting on the hanging wall contrast with 

deeply-incised low-angle alluvial fans on the footwall. By correlating gravels in 

DFDP-1 that were deposited during deglaciation (after 17.3 ka and before 15.5 ka), I 

obtain Late-Pleistocene minimum hanging wall (Pacific Plate) rock uplift rates of 5.7 

± 1.0 mm/yr to 6.3 ± 1.1 mm/yr without considering local erosion. GPS-derived 

“interseismic” vertical uplift rates are < 1 mm/yr at the Alpine Fault, so the majority 

of Late-Pleistocene uplift of the rangefront appears to be coseismic during episodic 

major earthquakes along the fault. Borehole data from the principal slip surface of 

the Alpine Fault constrain on hanging wall rock uplift for the first time and 

demonstrate the contribution of the Alpine Fault to the overall uplift of the rangefront 

of the Southern Alps, which appears to be in a dynamic steady state, as well as 

confirming the seismic hazard posed by these episodic tectonic contributions to 

hanging wall uplift. 
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5.2 Introduction 

The Alpine Fault is the main onshore plate boundary structure between the 

Pacific and Australian plates on the South Island of New Zealand (Fig. 5.1), and poses 

significant seismic hazard to people and infrastructure there (Wellman, 1953; 

Sutherland et al., 2007; Stirling et al., 2012).  

 
Figure 5.1: Location and elevation map of Alpine Fault in the South Island, New 

Zealand. Inset map A shows the tectonic setting of New Zealand. Inset B shows Last 

Glacial Maximum (LGM) ice extent and present glacial ice extent (after Golledge et 

al., 2012). 
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A total of ~ 460 km of cumulative dextral displacement along the Alpine Fault 

was documented by Wellman (1953; Sutherland, 1999b), which places it as one of the 

major onshore active dextral-reverse faults on Earth. The ~200-km-long central 

segment of the Alpine Fault extends from the Haast River in the South to the Kokatahi 

River in the north, and bounds the western edge of the highest part of the Southern 

Alps, with several summits over 3000 m (Norris and Cooper, 2001; Little et al., 2005; 

Cox et al., 2012).  

The central section of the fault also has high strike-slip (27 ± 5 mm/yr) and the 

highest dip-slip (8–12 mm/yr) rates (Norris and Cooper, 2001) along the fault, which 

represent 50-80% of the 39.7 ± 0.7 mm/yr of motion across the plate boundary 

(Berryman et al., 1992; DeMets et al., 2010; Sutherland et al., 2007). Gaunt Creek is a 

tributary of the Waitangitaona River in South Westland (Figs. 5.1-5.3), and is perhaps 

the best-studied exposure of the central Alpine Fault making it a suitable location to 

study surface and subsurface fault characteristics.  
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Figure 5.2: Quaternary geomorphology map of the Gaunt Creek region (after Barrell 

et al., 2012). Map shows key geomorphic features and chronologies of deposits. Red 

box shows the location of Figs. 5.3-5.4. 

 

Most of the area southeast of the Alpine Fault is covered by temperate 

rainforest, which obscures outcrop geology in most places and complicates data 

acquisition. The Gaunt Creek site was first reported in 1918 as the ‘Gaunt Creek Slip’ 

(as identified by Griffiths and McSaveney, 1983) because incision by Gaunt Creek 

generates a fresh and rapidly-eroding exposure on the southern (true left) bank of 

Gaunt Creek that has been exposed for almost 100 years (Korup, 2004). This slip 

exposes fault rocks (a thrust segment of the fault overthrusting Quaternary gravels) 

and faulting relationships that were first documented by Berryman et al. (1992), and 

described in detail by Cooper and Norris (1994) and Toy et al. (2008). Since the 

discovery and documentation of this outcrop, the Gaunt Creek locality has been an 
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important site for fault rock studies (Cooper and Norris, 1994; Toy et al., 2008; Toy 

2010; Boulton et al., 2012; Sutherland et al., 2012), slip-rate studies (Cooper and 

Norris, 1994; Norris and Cooper, 2001), stream response to landslides at the Southern 

Alps rangefront (Hovius et al., 1997; Korup, 2004; Korup et al., 2004), and fault 

mapping and paleoseismic studies along this section of the Alpine Fault (Chapter 2; 

De Pascale and Langridge, 2012; Barth et al., 2012).  

 
 

Figure 5.3: Detailed lidar map showing the regional area near Gaunt Creek (GC) 

from the Waitangitoaona River in the South to the Whataroa River in the north. Inset 

is an orthophoto of GC taken in 2010, which shows the dense rainforest cover, in 

contrast with the low-density vegetation cover of the recently flooded terraces north 

of GC, and the “Gaunt Creek Slip” where the fault outcrops south of GC (light-

coloured patch at lower centre left indicated with a blue arrow). Alpine Fault traces 

where distinct at the surface are shown in red. 
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In 2011, two boreholes were drilled through the Alpine Fault at Gaunt Creek 

in the first phase of the Deep Fault Drilling Project (DFDP; Townend et al., 2009).  

The DPDP-1A and DFDP-1B (Fig. 5.4) boreholes intersected the fault, cored fault 

rocks and sub-Alpine Fault sediments, and collected downhole geophysical data 

(Sutherland et al., 2012) spanning the principal slip zone (PSS). The present paper 

summarises key results from DFDP-1 and previous investigations at Gaunt Creek and 

presents new data to characterize the late Quaternary geology, geomorphology, 

structure, and calculate geologically-derived hanging wall rock uplift rates of the 

central Alpine Fault near Gaunt Creek. 

5.3 Methods 

The Gaunt Creek site was selected for DFDP-1 because of ease of access and 

permission for drilling; acceptable geological hazard; nearby outcrops of the fault to 

tie the surface geology with the subsurface geology; and location up-slip along the 

fault plane relative to future (DFDP-2) drilling sites (Townend et al., 2009; Sutherland 

et al., 2012). The prior surface investigations make Gaunt Creek an ideal place to 

obtain subsurface information from the fault zone. Airborne light detection and 

ranging (lidar) data collected in 2010 yielded a 2 m digital elevation model (DEM) 

covering a 1 km-wide swath along strike of the fault (Langridge et al. In Review; 

Barth et al., 2012; De Pascale and Langridge, 2012), with full coverage of the DFDP-

1 drilling sites (Figs. 5.3-5.5). ArcMap was used to derive a hillshade model from the 

2 m DEM, as well as slope models of the rangefront, which were used then used as 

base maps for desktop and field mapping.  

Geotechnical drilling at the site (Sutherland et al., 2012) used a truck-mounted 

rotary drill rig and HQ-size core. Upon retrieval from the hole, I logged and 

photographed the principal slip surface (PSS) and sediments on the footwall below the 
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PSS, in the field during drilling. The PSS was encountered at ~ 91 m depth in DFDP-

1A and ~ 129 m depth in DFDP-1B, with clear contacts visible both in the core and in 

the downhole geophysical logs (Sutherland et al., 2012; Townend et al., In Press). 

Additionally, a review of the Late-Quaternary stratigraphy and glacial history was 

undertaken to better understand the erosional and depositional history of Gaunt Creek. 

Gravel found below the Alpine Fault was collected in the field at three locations to 

compare footwall sediments and these were characterised and photographed in the 

laboratory. By combining the results from the drilling with results from previous 

studies near the site, including detailed mapping of the fault outcrop at Gaunt Creek 

(Norris and Cooper, 1994), and a new fault trenching site immediately north of the 

DFDP-1 boreholes, the Gaunt Creek “trench” (Chapter 2; De Pascale and Langridge, 

2012), and associated radiocarbon data for timing constraints, I am able to develop an 

improved model of the fault in the Gaunt Creek area and derive new minimum 

hanging wall rock uplift rates there. 

5.4 Review of Late-Quaternary stratigraphy in Westland 

Quaternary glaciers and glacial sediments along with tectonic uplift, surface 

ruptures along the Alpine Fault and ongoing erosion, have played critical roles in 

generating the present stratigraphy and landscape at Gaunt Creek. Late Pleistocene 

glaciations and associated deposits (e.g. the pre-last glacial maximum, LGM; Okarito 

formation and older deposits) are found on footwall of the Alpine Fault along the 

West Coast (e.g. Suggate, 1990; Preusser et al., 2005; Sutherland et al., 2006; Fig. 

5.2), however LGM deposits tend to overprint the along-fault sedimentary records. 

The LGM occurred between 28 to 20 ka (Suggate and Almond, 2005; Alloway et al., 

2007; Golledge et al., 2012; Barrows et al., 2013) with glaciers completely covering 

the central Alpine Fault’s surface traces (Fig. 5.1B) and in several cases extending 
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beyond the current coastline onto the continental shelf (Barrell et al., 2011). Based on 

pollen records from the nearby Okarito bog, Westland glaciers underwent retreat from 

LGM limits around 17.3 ka and with continued warming until 11 ka when a lowland 

podocarp/hardwood rainforest developed (Vandergoes et al., 2005). Shulmeister et al. 

(2010) suggested that extensive ice persisted between 18–11 ka with gradual up-

valley retreat, and that by as late as 15.5 ka glacier termini may have retreated as little 

as 5–10 km from LGM terminations. Gaunt Creek and the Waitangitaona are much 

smaller than the Whataroa catchment (Chapter 4; Fig. 5.2) to the north, and ice fields 

that may have fed them were much smaller and lower elevation than those of the 

Whataroa; thus Lake Wahapo (Fig. 5.2) was occupied by a distinctive lobe from the 

Whataroa glacier, rather than by ice from the Waitangitaona. There are prominent 

moraines around the margins of the lower Whataroa, which are Moana and Larrikans 

in age (Late Otiran/LGM; Fig. 5.2). Recent dating of Moana and Larrikans moraines 

north of Gaunt Creek (Barrows et al., 2013) suggests that the last major advance of ice 

onto the footwall across the Alpine Fault was 17.3 ± 0.5 ka. It is important to note that 

the modern Waitangitaona catchment has active glaciers that extend down to ~1500 m 

elevations.  

The age of the fan sediments at Gaunt Creek is therefore related to 

deglaciation. As the Whataroa Glacier terminus retreated up valley, large alluvial fans 

were deposited along the sides of the valley east of the Alpine Fault on the hanging 

wall (a radiocarbon date of 10500 ± 500 year – personal communication Trevor 

Chinn). Additionally, there is a prominent moraine at the junction of the Perth and 

Whataroa Rivers c. 8 km upvalley of the Alpine Fault has been dated at about 12 ka 

(Cox and Barrell, 2007; Barrell et al., 2011). If this date is correct, it means that 

Whataroa ice-front was well to the east of the Alpine Fault at c. 12ka. This is 
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consistent with the OSL ages from fluvial terrace deposits presented in Chapter 4. The 

present day Whataroa floodplain is entirely post-glacial fluvial infill. Its topmost 

several metres are assumed to have formed from massive aggradation following the 

1717 or more likely the 1600 earthquake (Chapter 3 and 4; Almond et al., 2000; 

Klahn, 2012).  

Importantly, the only evidence for glacier advance across the Alpine Fault 

after 17.3 ka ± 0.5 ka (Barrows et al., 2013) is the prominent Waiho Loop moraine 

near Franz Josef Glacier (Wardle, 1978). This moraine was thought to be the 

archetypal Younger Dryas-style moraine on the west coast and to reflect a major 

climate-driven advance between 12.4-11.5 ka (Mercer, 1988; Denton and Hendy, 

1994). Recent research on the moraine (Tovar et al., 2008, Shulmeister et al., 2009, 

Reznichenko et al., 2012), however, indicates that the Waiho Loop moraine was 

generated by a major coseismic rock avalanche depositing debris on top of the Franz 

Josef Glacier, insulating the glacier and causing its terminus to remain at the Loop 

location for a long time (Alexander et al., In Review), thus forming the Waiho Loop, 

although this still remains a topic of debate (Vacco et al., 2010). Additionally, 

Reznichenko et al. (2012) showed that some Holocene moraines dated by Schaefer et 

al. (2009) near Mt Cook are well-correlated with major Alpine Fault earthquakes, 

suggesting that these moraines were likely generated by coseismic rockfall and rock 

avalanches, so that several moraines in the Southern Alps may be indicators for 

paleoearthquakes rather than having paleoclimate implications. Based on the results of 

regional mapping and dating from previous investigations and this study, we do not 

assume a post-LGM glacial readvance over the Alpine Fault at Gaunt Creek.   

Because extensive LGM glaciations persisted along the coastal plain of 

Westland until the Late Pleistocene, most pre-LGM sediments and deposits along the 
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rangefront of the Southern Alps were likely eroded by LGM ice advances, landslides, 

and fluvial erosion, although pre-LGM glacial deposits have persisted to the present 

along the coastal plain (e.g. Almond et al., 2001) and on the west side of the 

Waitangitaona valley on the Australian Plate’s coastal plain (Fig. 5.2). We therefore 

assume that sediments on the hanging wall of the Alpine Fault above Gaunt Creek 

were deposited during deglaciation (certainly after 17.3 ka and likely after 16.8 ka) as 

the valley infilled with post-glacial outwash, landslides, and fluvial deposits. The 

oldest radiocarbon ages from samples collected on the footwall below the fault plane 

at Gaunt Creek are between 15.1-14.7 ka calibrated age B.P. (Cooper and Norris, 

1994; Norris and Cooper, 2001 - calibrated using the model of Fairbanks et al., 2005) 

and 15.5-14.8 ka calibrated age B.P. (Chapter 2; De Pascale and Langridge, 2012). 

These dates reinforce the inference that post-glacial fluvial and mass movement 

deposition was underway at Gaunt Creek prior to 15.5-14.8 ka and are consistent with 

the regional evidence outlined above (Fig. 5.2). 

The Southern Alps have often been described to be in a quasi-steady 

geomorphic state (e.g. Adams, 1980a; Koons, 1992), with erosion and uplift roughly 

balanced at large temporal and spatial scale, although the contribution of isostasy to 

this is unknown. Steep bedrock slopes, strong ground motions from the Alpine Fault 

and perhaps other Southern Alps faults (e.g. Chapter 3; Cox et al., 2012), and 

abundant precipitation have caused landslides to play a major post-LGM role in the 

geomorphic evolution and denudation of Southern Alps rangefront. Based on airphoto 

analysis of catchments along the western front of the central Southern Alps, a mean 

regional modern short-term (interseismic) denudation rate due to landsliding of 9 ± 4 

mm/yr was obtained by Hovius et al. (1997). The Alpine Fault-parallel Waitangitaona 

river catchment (which includes Gaunt Creek) yielded the highest landsliding rate of 
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18.1 mm/yr (Hovius et al., 1997). Because these rates include the sediment produced 

over the much larger catchment area they do not accurately reflect (i.e. likely 

underestimate) the value for Gaunt Creek. 

Recent work on lake sediments in Westland (Howarth et al., 2012) provides 

important insights into co-seismic and post-seismic landscape responses related to 

large earthquakes. They document timing and quantity of sediment delivery following 

strong ground motions at their sites, which they relate to Alpine Fault earthquakes, as 

a sequence of lacustrine turbidites and suggest that earthquakes were responsible for 

27% of the total sediment flux in Lake Paringa. Additionally, they demonstrated that 

there is a three-fold increase in sediment flux for approximately 50 years after large 

earthquakes that they attribute to the Alpine fault.   

In addition to landsliding, post-deglaciation fluvial aggradation and 

degradation of rangefront alluvial fans play a significant role in landscape evolution. 

Davies and Korup (2007) found that the lower Gaunt Creek fan system was 

entrenched up to 8 m locally with a maximum incision of 13 m and a surface gradient 

of >5 degrees suggesting that landslide inputs at the site from the Gaunt Creek 

outcrop strongly influence footwall fan development and incision. Additionally, a 

natural channel switch occurred in the Waitangitaona River in South Westland in 

1967 (Griffiths & McSaveney, 1986) when it abandoned its course to the Whataroa 

River to flow instead into Lake Wahapo, resulting in the formation of a delta, and 

channel aggradation upstream into the Gaunt Creek basin (Fig. 5.2). As documented 

in aerial photographs, Gaunt Creek has flooded the young terraces at least three times 

since 1948 (Davies and Korup, 2007), inhibiting the establishment of rainforest 

vegetation on the terraces adjacent to Gaunt Creek through deposition and reworking 

of these surfaces. Additionally, lidar mapping (Chapter 2; De Pascale and Langridge, 
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2012) showed a series of degradational fluvial terraces incised into Quaternary fan 

deposits. Some of these terraces are very young (< 30 years old), with no or minimal 

plant cover, as illustrated by the orthophoto in Fig. 5.3, including the terraces where 

DFDP-1 boreholes were drilled, demonstrating that lack of vegetation sometimes 

indicates recent flood terraces along the rangefront. Importantly, in contrast to the 

observations in Chapter 4, greywacke and low-grade schist are not found in the 

bedrock geology of the modern Waitangitaona River catchment (however there are 

pre-LGM footwall glacial deposits, as mentioned above, with greywacke present that 

are perhaps derived from when the Waitangitaona catchment extended further back 

towards the main divide) and are not found as sediments within the Gaunt Creek 

catchment. 

 

5.5 Alpine Fault bedrock geology at Gaunt Creek 

Cooper and Norris (1994) documented the fault rock sequence of hanging-wall 

(Pacific Plate) quartzofeldspathic and amphibolitic mylonite, which contain or are 

sometimes cross-cut by clay gouge-filled shears, black ultracataclasite and 

pseudotachlite, and pale-green cataclasite. The principal slip zone (PSS) is variable in 

both thickness and mineralogy at sampled localities near Gaunt Creek (Figs. 5.6 & 

5.7). In the outcrop south of Gaunt Creek, it is a 6 to 8 cm thick gouge zone (Boulton 

et al., 2012); in the DFDP-1 cores it is present as <50 cm thick zone of gouge within a 

~2 m thick zone of ultracataclasite and gouge (Sutherland et al., 2012), while in the 

new fault exposure, the Gaunt Creek “trench”, the PSS is a 50–70 cm thick grey clay 

gouge (Chapter 2; De Pascale and Langridge, 2012). In this trench, DFDP-1A, and the 

outcrop south of Gaunt Creek, the gouge is in contact with overthrust footwall 

(Australian Plate) late Quaternary glaciofluvial schist and mylonite gravels (discussed 
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in the following section), while in DFDP-1B, the gouge zone is in contact with 

footwall cataclasites. The hanging wall of the Alpine Fault within c. 100 m of the PSS 

is composed of ultramylonitic fault rocks exhibiting a planar tectonite fabric formed 

during shear at temperatures exceeding the brittle-creep transition of c. 300°C (Norris 

and Cooper, 2007; Toy et al., 2008). These are variably black to dark grey, or layered 

dark brown and olive green downwards. Quartz segregation laminae and trains of 

mm-diameter feldspar augen are often present. The protolith is most likely hanging-

wall amphibolite facies Alpine schist (Cooper and Norris, 2011). Ultramylonites in 

the DFDP-1 core display pervasive cataclastic overprints in <1 m-thick zones; an 

early generation of these is commonly cemented but then refractured.  

Low-displacement mm- to cm-spaced brittle fractures and other discontinuities 

are pervasive throughout the Alpine Fault ultramylonite zone (Norris and Cooper, 

2007; Sutherland et al., 2012), and presented technical challenges with regard to 

stability, rock quality, and core recovery in both DFDP-1 boreholes. Fractures are 

generally open but some are clay-filled, however fault gouge clays were rarely 

preserved along localised secondary faults close to the PSS in the cores. In both 

outcrop and trench at Gaunt Creek, mm-to-cm-thick uncemented layers of fault gouge 

clays are commonly visible along fractures (Chapter 2; Boulton et al. 2012; De 

Pascale and Langridge 2012).  

The 20-30 m section above the PSS generally consists of pale green 

cataclasites and cemented breccias derived mainly from the hanging wall mylonites. 

The pale colour is largely due to hydration and retrogression to a greenschist or lower 

facies mineralogy (Cooper and Norris, 1994; Toy, 2008). In some cases where a 

foliation is present in these cataclasites, it is a remnant of the parent mylonite, in 

others it is a newly-developed disjunctive cleavage defined by anastomosing or 



Chapter 5: DFDP-1 Geology, Geomorphology, and Hanging Wall Rock Uplift 

 

 146 

massive clay gouge or phyllosilicate-rich layers. Outcrop samples of the cataclasite 

show it to be composed of variably shattered ultramylonite that has been extensively 

altered to chlorite, illite-muscovite, biotite, smectite or vermiculite, and is cemented 

by carbonate (Warr and Cox, 2001; Boulton et al., 2012). The exposure of the Alpine 

Fault in the Gaunt Creek  “Trench” (Chapter 2, De Pascale and Langridge, 2012) is 

characterized by a thick 5-50 cm section of high-plasticity fault gouge clays with 

inclusions of both hanging wall and footwall gravel. Detailed studies of the fault 

gouge in the vicinity of DFDP-1A were undertaken by Boulton et al. (2012), they 

found that the fault gouges are velocity-strengthening and have lower friction 

coefficients than the hanging-wall cataclasites.  

 

5.6 Alpine Fault geometry at Gaunt Creek 

The surface expression of the Alpine Fault changes in character between ~5 

km southwest of Gaunt Creek and the Whataroa River (Fig. 5.3). The main trace of 

the Alpine Fault has been logged around Gaunt Creek as hanging wall Pacific Plate 

rocks overthrusting Australian Plate bedrock (e.g. DFDP-1B) and Late-Quaternary 

sediments (e.g. Gaunt Creek outcrop and trench and in DFDP-1A; Cooper and Norris, 

1994; De Pascale and Langridge, 2012; Sutherland et al., 2012). The position and 

subsurface geometry of the Alpine Fault at Gaunt Creek can be determined based on 

measurements in four locations, in conjunction with the lidar data (Fig. 5.4 and 5.5): 

the two DFDP-1 boreholes (Sutherland et al., 2012), the fault exposure “trench” north 

of Gaunt Creek (Chapter 2; De Pascale and Langridge, 2012), and the outcrop on the 

south side of Gaunt Creek (Cooper and Norris, 1994). From south to north, at the 

outcrop south of Gaunt Creek the fault dips 40° southeast at creek level (Cooper and 

Norris, 1994), 30° southeast in the DFDP-1 boreholes (Sutherland et al., 2012), and 
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26° southeast in the exposure north of Gaunt Creek (De Pascale and Langridge, 

2012), yielding a solution of 29°± 1° dip for the fault at DFDP-1. Further north, 

outcrops of the cataclasites dip 20-30°SE. This gradual reduction of fault dip is related 

to of the south-to-north transition in faulting style at Gaunt Creek, from dominantly 

dextral strike-slip to dominantly low-angle dip-slip.  

About 250 m north of the DFDP-1A location at Gaunt Creek there is a change 

in the surface character of the Alpine Fault (Fig. 5.3). South of Gaunt Creek (Fig. 5.3) 

the fault shows very clear east-northeast-striking dominantly dextral strike-slip traces, 

with displaced landforms that record repeated dextral slip for the past 3 events along 

the fault as shown in Chapter 3 (De Pascale et al., In Review). From these strike-slip 

traces the fault transitions into dominant thrust faulting at Gaunt Creek (Cooper and 

Norris, 1994), leading to a swing in average strike to 020° north of Gaunt Creek with 

some local north-northwest striking low-angle thrust faults (Chapter 2; De Pascale and 

Langridge, 2012); the dominant thrust-faulting links to a system of clear east-north-

east striking strike-slip traces from north of Gaunt Creek to the Whataroa River 10 km 

away (Chapter 4; Norris and Cooper, 1995; De Pascale and Langridge, 2012; Barth et 

al., 2012). This sequence is archetypical of a restraining step-over in major strike-slip 

systems (Wakabayashi et al., 2004), and the north-striking, low-angle fault traces 

north of Gaunt Creek occur at the centre of an approximately 2 km wide restraining 

bend (e.g. Norris and Cooper, 1995).  

Based on local observations two important characteristics of the Alpine Fault 

are: 1) the fault may dip slightly more steeply at depth (with a mean dip of 50° 

southeast; Norris and Cooper, 1995, 1997; Little et al., 2005) than near the surface; 

this is related to the fault breaking the free surface co-seismically and/or through 

topographic loading of the near-surface fault geometry (e.g. Eusden et al., 2005; Barth 
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et al., 2012), and 2) that the fault dips less steeply at Gaunt Creek where it is 

dominantly thrust in the restraining bend. Importantly, no evidence for strike-slip 

displacement is apparently in the Gaunt Creek drainage based on lidar mapping, in 

contrast to the results presented in Chapters 3 and 4 at locations to the north and south 

of Gaunt Creek. 

 

5.7 Rock uplift along the Alpine Fault 

The central section of the Alpine Fault is adjacent to the highest overall 

elevations, relief and summits of the Southern Alps (Fig. 5.1), making it an important 

site for understanding the relationship between climate and tectonics. A recent GPS 

campaign (Beavan et al., 2010) along the central Alpine Fault shows vertical rates in 

the absence of coseismic tectonic movement of 1.1 ± 0.6 mm/yr within 1 km east of 

the fault and up to ~ 5 mm/yr near the crest of the Southern Alps ~ 20-30 km east of 

the fault. Using optically stimulated luminescence (OSL) dating, Herman et al. (2010) 

estimate exhumation rates of 8.7 ± 1.3 mm/yr since 100 ka in the nearby Whataroa 

catchment, with a significant assumption that most hillslopes had changed from U to 

V-shaped valleys between 18-11 ka. Herman et al. (2010) suggest that the time-

averaged exhumation rates are constant over time irrespective of climate, and instead 

are controlled by tectonics because of the constant exhumation they observed during 

changing climate regimes from 18 ka to present; and that variability between fluvial 

or glacial-dominated erosion has minimal impact on exhumation in the Southern Alps. 

This theory contrasts with those that suggest exhumation in high mountains 

worldwide is controlled primarily by climate (e.g. Hallet et al., 1996; Shuster et al., 

2005). Importantly, over the last 3-5 Ma, long-term bedrock exhumation rates along 

the hanging wall of the fault range between 6–9 mm/yr based on fission track dating 
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(Little et al., 2005). Little et al. (2005) note that if the Alpine Fault steepens in the 

near surface or if the dip-slip rates have increased in the past several million years, 

than 6-9 mm/yr is a minimum estimate. The long-term exhumation rates are also 

similar to vertical rock uplift rates of the hanging wall relative to the footwall (6-9 

mm/yr) derived from geometric conversion of reported dip-slip rates (e.g. Cooper and 

Norris, 1994; Norris and Cooper, 2001) suggesting that the Alpine Fault hanging wall 

may be in long-term topographic steady state if these rates are applicable over 

equivalent time-scales (e.g. Koons, 1992) as England and Molnar (1990) demonstrate. 

Based on the above observations, average bedrock exhumation rates within the 

Southern Alps can then be assumed to be similar to zero erosion minimum rock uplift 

rates related to the footwall.   

5.8 Alpine Fault Quaternary geology and geomorphology at Gaunt Creek 

In addition to the fault rocks, there are a number of unconsolidated Quaternary 

sediments in the Gaunt Creek area and expressed in the geomorphology (Figs. 5.2-

5.5). During lidar map interpretation, two north-northwest striking fault scarps were 

discovered ~ 200 m north of Gaunt Creek (Chapter 2; De Pascale and Langridge 

2012). Structural, stratigraphic, and geochronological results from an excavation here 

provide evidence for a recent surface rupture which, based on radiocarbon dating, is 

the most recent event (MRE) along the central Alpine fault that occurred in 1717 

(Wells et al., 1999; De Pascale and Langridge 2012).  
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Figure 5.4: Gaunt Creek (GC) site lidar maps. A: A slope map showing the slope 

angles near the DFDP sites (1A and 1B). Note the low angle slopes and clear fluvial 

morphology related to Gaunt Creek. B: Elevation map with 25 m contours showing 

creeks in GC in relation to the four fault data sites near GC: DFDP-1A, DFDP-1B 

(Sutherland et al., 2012), 2) Alpine Fault exposure north of GC, the Gaunt Creek 

“trench” (De Pascale and Langridge, 2012), and 3) Alpine Fault outcrop south of GC 

(Cooper and Norris, 1994). Photograph locations (Figures 5.9 and 5.10) are also 

shown in Lidar DEM highlighting two elevation profiles near the DFDP-1 site at 

Gaunt Creek (GC). Profile 1 is across a reverse scarp of the Alpine Fault with 

trendlines shown, while Profile 2 documents a flight of degradational terraces.  

 

Geologic and geomorphic mapping (Fig. 5.5, after De Pascale and Langridge 

2012) shows a suite of Quaternary surfaces associated with recent talus, recent 

alluvium, fan deposits, terraces and terrace risers. Two footwall gravels (Gravel 1 and 

2), which are not discernible from the lidar alone, are found in fault contact at Gaunt 

Creek, while Gravels 3 and 4 are recent Gaunt Creek alluvial deposits (Fig. 5.6).
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Figure 5.5: Map showing interpreted 2 m lidar hillshade digital elevation model (DEM) map with geomorphological and geological 

interpretations from fieldwork and remote mapping. 
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Figure 5.6: Summary simplified logs and geological cross section (A to A’) of the 

two DFDP boreholes (1A and 1B) and nearby outcrop geology. Ages of late-

Quaternary gravels are shown as well as the possible distribution envelope of Gravel 

1, which was used for rate calculations. Inset map is a lidar image of Gaunt Creek 

showing the approximate surface trace of the Alpine fault in red (dashed where 

concealed), the two borehole locations, and the cross section A to A’. 

 

Gravel 1 is found in the fault outcrop south of Gaunt Creek (Cooper and 

Norris 1994), in the DFDP-1A borehole (Sutherland et al., 2012), and in the trench 

north of Gaunt Creek (Chapter 2; De Pascale and Langridge, 2012). Gravel 1 is a 

gravel composed primarily of schist-derived clasts, is in fault contact, and was 

described by Norris and Cooper (1994) as a coarse-grained fluvial/glacio-fluvial 

deposit with possible ice collapse structures.  
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Although no datable material has been found within Gravel 1 in the fault 

outcrop south of Gaunt Creek (Table 5.1, Figs. 5.5, 5.7, 5.8), Gravel 1 was likely 

emplaced after the main phase of most recent deglaciation, which started regionally 

between 28 to 18.3 ka and perhaps with rapid retreat around 17.3 ka (Almond et al., 

2001; Vandergoes and Fitzsimons, 2003; Vandergoes et al., 2005) or with a gradual 

retreat between 18 to 11 ka (Shulmeister et al., 2010).  

 

Sample 
number Location Sedimentary unit description and study Radiocarbon 

Age (yr. BP)

Calibrated age 2 
sigma (cal yr. 

BP)
Significance and Gravel Unit

N.D.

DFDP-1A, found 
below the PSZ 
between~ 90.8 m and 
96.23 m below ground 
surface.

Glaciofluvial schist-derived GRAVEL, 
rounded to subrounded, coarsening upwards, 
and in fault contact below PSS (Sutherland 
et al., 2012). GRAVEL with silt and sand, 
GW-GM, Dark Greenish Grey (Gley 1 4/1), 
ALLUVIUM (this study).

N.D. N.D.

A minimum vertical thickness of 
hanging wall rock can be estimated 
from DFDP-1A gravel depths (Gravel 
1).

N.D. DFDP-1B No sediments were found in DFDP-1B 
(Sutherland et al., 2012). N.A. N.A.

Glaciofluvial gravel was not detected 
in DFDP-1B, the Alpine fault was 
present in the borehole with Hangwall 
rocks in fault contact with Footwall 
rocks. Provides a maximum vertical 
displacement estimate for the 
glaciofluvial gravel occurrence. 

N.D.

Glaciofluvial gravel 
found below thrust 
fault, Gaunt Creek 
Outcrop immediately 
south of Gaunt Creek

Poorly-bedded schist-derived GRAVEL with 
imbrications (Cooper and Norris, 1994). 
GRAVEL with silt and sand, GW-GM, Dark 
Greenish Grey (Gley 1 4/1), imbricated 
clasts present from sub-rounded to rounded, 
and in fault contact below PSS (this study). 

N.D. N.D.

Oldest sediments found in fault 
contact in the Gaunt Creek outcrop, 
deposited during deglaciation of Gaunt 
Creek (Gravel 1). Must be at least 14.6 
to 15.1 ka B.P. old due to stratigraphic 
relationships. 

WK 2465

Mylonite-derived talus-
fan breccia, Gaunt 
Creek Outcrop 
immediately south of 
Gaunt Creek

Variable grain-size gravel-dominated 
BRECCIA, from boulder to silty-sand, 
poorly sorted, but with crude layering 
(Cooper and Norris, 1994). Gravel to 
Cobbles, GW-GM, Brown (10YR 4/3), faint 
bedding (this study).

12650 ± 90 14680-15080
Talus fan deposit, post-dates 
glacialfluvial gravels in the outcrop 
(Gravel 2).

GCT-R8

Glaciofluvial gravel 
found below the thrust 
fault, Gaunt Creek 
Trench (~250 m north 
of Gaunt Creek)

Sandy and silty GRAVEL, schist-derived, 
bedding apparent, imbricated clasts, and 
varies from sub-rounded to rounded, Dark 
Greenish Grey (Gley 1 4/1), in fault contact 
below PSS (Chapter 2; De Pascale and 
Langridge, 2012).

12731 ± 45 14750-15530

Dates age of glaciofluvial outwash at 
Gaunt Creek. Gives a Gaunt Creek 
minimum age estimate for purposes of 
reverse slip and rock uplift (Gravel 1).

TABLE 5.1. ALPINE FAULT GRAVEL CORRELATION FROM SITES PROXIMAL TO GAUNT CREEK

Notes: n.d. is not determined, n.a. is not applicable.
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Figure 5.7: Field photographs showing the principle slip surface (PSS) of the Alpine 

Fault with hanging wall fault gouge juxtaposing footwall Quaternary gravels  (Gravel 

1) at three locations near Gaunt Creek; A: the Gaunt Creek “trench” ~ 250 m north of 

Gaunt Creek, B: The Gaunt Creek outcrop immediately south of Gaunt Creek, and C: 

the DFDP-1A borehole at ~91 m below ground surface. All locations showing gravel 

1 located stratigraphically below the Alpine Fault’s fault gouge. 
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Figure 5.8: Laboratory photographs showing Gravel 1 at three locations shown in 

Fig. 5.7, with fines cleaned to view the coarse-fractions sampled at Gaunt Creek (as 

shown in the field in Fig. 5.7); A: the Gaunt Creek “trench” ~ 250 m north of Gaunt 

Creek (Chapter 2), B: The Gaunt Creek outcrop immediately south of Gaunt Creek, 

and C: the DFDP-1A borehole at ~95 m below ground surface. The DFDP-1A 

borehole sample was not washed however was scanned and in this scan the mylonite 

and schist gravel clasts are clearly visible.  

  

Gravel 1 must be older than the overthrust peat dated at 15.5-14.8 ka cal B.P. 

at Gaunt Creek (Chapter 2; De Pascale and Langridge 2012). Gravel 1 could 

potentially be up to 17.3 ka in age based on the regional observations mentioned 
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above; for uplift rate estimations, 15.5 ka is the oldest site-specific date that can be 

used at Gaunt Creek and forms a minimum age. A comparison of Gravel 1 below the 

PSS of the Alpine Fault at three sites around Gaunt Creek can be seen in Figs 5.7 & 

5.8. 

 Gravel 2 is a colluvial deposit exposed in the upper part of the outcrop and 

composed of sub-angular to angular mylonite clasts lying on the footwall below the 

fault plane. Cooper and Norris (1994) interpreted it as colluvial debris from the 

overthrust fault rock wedge, and as having formed when a free ground surface was 

buried as the wedge collapsed onto it, which is typical in multi-event reverse fault 

scarps (Carver and McCalpin, 1996) and likely represents several collapses in 

different events. A piece of wood found in Gravel 2 was dated as 15.1-14.7 ka cal 

B.P. (Cooper and Norris, 1994; Cooper and Norris, 2001). A third gravel deposit 

(Gravel 3) includes a thick sequence of bedded fluvial gravels that overlie both Gravel 

2 and the fault plane and have been extensively distorted by continuing displacement 

on the fault. These are dated as 12.4-11.9 ka cal B.P. (Cooper and Norris, 1994; 

Cooper and Norris, 2001), while a final gravel deposit related to recent flooding by 

Gaunt Creek, Gravel 4 is thought to be younger than the 1717 earthquake (and 

currently being deposited; De Pascale and Langridge, 2012). Gravel 3 comprises 

recent coarse-grained boulder- to gravel-sized angular to sub-angular landslide and/or 

debris flow deposits that have sometimes been reworked (e.g. imbricated boulders at 

the surface) by Gaunt Creek and incised by a suite of seven degradational terraces 

mapped in Chapter 2 (Fig. 5.5). The oldest of the very recent terraces, Qt5 and Qt6, 

were deposited and/or reworked most recently during flooding in the 1980s (Figs. 5.4 

& 5.5) as observed through airphoto analysis (Davies and Korup, 2007) and clearly 
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visible in the lidar data and orthophotos as undegraded and unvegetated surfaces. 

Gravel 4 is modern alluvium in the active bed of Gaunt Creek (Qt7). 

A digital elevation model reveals differences between slope angles on the 

hanging wall and on the footwall of the Alpine Fault. Slopes in the area range from 

<20° to 45° for talus fans and 10° to 65° in bedrock exposures on the hanging wall 

(Fig. 5.4). In general, the gradients of recent fluvial terraces which generally are on 

the footwall of the fault are reported as 2.6° to 5.9° (Davies and Korup, 2007), which 

on the DEM-derived slope maps are between 3° and 7° (Fig. 5.4). Because of their 

steep slopes, the talus deposits in the area are commonly overlie cobble- to boulder-

sized alluvial fan materials (Fig. 5.5). Steep bedrock and talus-covered slopes are 

covered with dense rainforest vegetation (Fig. 5.9).  

 
Figure 5.9: Photograph documenting the field relationships between the steep 

vegetation-covered bedrock (to the right of person) and the Quaternary fan deposits 

that the person is standing on.  
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Based on field observations, excluding terrace risers, most slopes in the area 

that are steeper than 27° are bedrock or bedrock covered by a thin (<2 m) talus cover 

at the surface, although there are some steep cliffs due to creek incision in moraine 

and fan deposits downstream of the fault (Fig. 5.2) (e.g. Davies and Korup, 2007). 

The steep slopes on the hanging wall likely contribute to the high local denudation 

rates reported by Hovius et al. (1997) and Herman et al. (2010). Profiles generated 

from the DEM across fault scarps and fluvial terraces (Fig. 5.4 & 5.5) reveal tectonic 

deformation and uplift as well as fluvial erosion. The prominent NNW-striking fault 

scarp north of Gaunt Creek (Chapter 2; De Pascale and Langridge, 2012) and shows 

~14 m of multi-event vertical displacement in Profile 1. The appearance of the scarp 

on the ground is shown in Fig. 5.10.  

 
Figure 5.10: Field photograph looking north documenting the fault scarp north of 

Gaunt Creek, with person for scale. Note the steepness of the fault scarp in relation to 

the alluvial surface the person is standing on and the coarse, boulder to cobble nature 

of the sediments and thick roots which armour the scarp face.  
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Based on the geomorphic mapping (Fig. 5.5), it is notable that edge trimming 

of the scarp is limited after the abandonment of the Qt1 surface, and therefore the 

scarp is a primary tectonic feature. Because the Australian-Pacific plate-motion vector 

is 245 ± 1° at this location (DeMets et al., 2010), and this scarp strikes ~345°, the 

scarp is approximately perpendicular to the plate motion vector and likely formed 

primarily through dip-slip motion, although minor dextral slip is probable due to fault 

orientation. Observations of the fault exposure in Chapter 2 (De Pascale and 

Langridge, 2012) show low-angle thrust faulting relationships, with several vintages 

of coseismic colluvial deposits (repeated slip), and with minor folding present near the 

PSS. This scarp is similar in appearance to reverse scarps observed after the Chi-Chi 

and Wenchuan earthquakes (Lin et al., 2006; Wang et al., 2010), again indicating that 

profile 1 (Fig. 5.4) documents the main trace of a multiple event reverse fault scarp of 

the Alpine Fault north of Gaunt Creek. 

The southernmost of the two creeks immediately north of profile 1 deposits a 

50 to 200 m wide modern alluvial fan that may be active during extreme precipitation 

events (although no water flow was observed in the channel downstream of the fault 

scarp during several field mapping campaigns between 2010-2013) and obscures the 

fault trace across Qt1-Qt4 (Fig. 5.5). This creek or previous flooding of Gaunt Creek 

or its tributaries trimmed the southern end of the scarp where the fault was trenched 

(Fig. 5.4, site 2) and perhaps trimmed the scarp where the modern fan deposits are 

onlapping the fault scarp. At the trench documented in Chapter 2, I found at least 2.4 

m of post- most recent event (MRE) alluvium, generally coarse-grained gravel from 

the aforementioned creek, overlain by coarsening-upwards alluvium and cobble to 

boulder deposits from when Gaunt Creek floods deposit material across the front of 

the scarp. Because of the armouring effect of the alluvial/colluvial cover that forms 
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immediately post-large seismic events, it is unlikely that significant trimming of the 

scarps could occur due to any creeks except the main channel of Gaunt Creek, and 

most of these smaller streams are in any case depositional rather than erosional.  

 Profile 2 extends upslope across a flight of 6 alluvial terraces including the 

terrace where the DFDP boreholes were drilled (Qt5). This flight of degradational 

fluvial terraces (Fig. 5.4 and 5.5) is incised into and generally overlain by coarse-

grained (cobble to boulder sized clasts) alluvial fan deposits. The fault exposure at 

Gaunt Creek presented in Chapter 2 (De Pascale and Langridge, 2012) demonstrates 

this clearly with a bedrock strath terrace and thin (< 2 m) overlying alluvium. The 

terrace risers range from approximately 3 to 12 meters high, have clear expression 

both in the profiles and the slope maps (Fig. 5.4), and are quite steep, ranging from 

27° to 85°. The Quaternary fan surface is low-angle above the terrace risers, densely 

vegetated and armoured by tree roots. Incision of this fan surface formed the suite of 

terrace risers and was controlled by hanging wall uplift combined with high 

precipitation and landsliding, and perhaps variation of local base level. Notably, both 

the maps and the topographic profiles show that profile 1 is much less steep than 

profile 2 in, again demonstrating the differences between the multi-event fault scarp 

and the degradational terrace risers, the scarps being less steep and smoother than 

risers (Fig. 5.4).  

The degradational nature of the terrace risers is likely related to landsliding 

into Gaunt Creek’s drainage basin and fluvial deposition along with tectonic uplift 

and/or base level change resulting in subsequent incision. It is likely that landslides at 

times temporarily deflect or even block the flow of Gaunt Creek or its tributaries. 

After Gaunt Creek or its tributaries incise into these landslide and fluvial deposits, 

sub-vertical terrace risers are abandoned as they erode back to pre-landslide stream 
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gradients. These terrace risers are then armoured by rainforest vegetation, which 

preserves their steep profile and limits riser diffusion. Dating of these terraces may 

allow comparison with the tectonic record of the fault here, however datable samples 

will be difficult to obtain. I attempted to obtain datable materials from this suite of 

degradational terraces, however no suitable material was found. Additionally I was 

unable to find any alluvium fine-grained enough for luminescence dating. Similarly, I 

attempted to dig into the face of the fault scarp north of the new Alpine Fault 

exposure (Chapter 2; De Pascale and Langridge, 2012), however the angular mylonite 

boulder-dominated colluvial cover of the fault scarp and dense vegetation, dominated 

by tree roots up to 50 cm diameter, yielded no datable material (Fig. 5.9).     

5.9 Late-Pleistocene hanging wall Pacific Plate rock uplift  

Based on observations from the outcrop south of Gaunt Creek, the two DFDP-

1 boreholes and the fault exposure site north of Gaunt Creek, I am are able to estimate 

hanging wall Pacific Plate uplift rates relative to the footwall Australian Plate. The 

paired DFDP-1 boreholes give us important subsurface information about faulting 

kinematics and Quaternary geology (Fig. 5.6). If we assume that alluvial 

sedimentation started no earlier than 17.3 ka (Vandergoes et al., 2005), shortly before 

the oldest local radiocarbon date of 15.5 Cal ka B.P. (Chapter 2; De Pascale and 

Langridge 2012), and also assume that this sedimentation is represented by the 

glaciofluvial gravel unit (Gravel 1) that was found in both outcrops and DFDP-1A 

(Table 5.1; Fig. 5.6), then we can calculate a minimum late-Quaternary hanging wall 

rock-uplift rate relative to the Australian Plate. Based on a review of the studies 

undertaken along strike of the central Alpine Fault (e.g. Norris and Cooper, 2001; 

Beavan et al., 2010), the footwall of the Alpine Fault (the Australian Plate) has an 

uplift rate of < 1 mm/yr, which suggests that using the footwall as a datum for 
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Pleistocene to present temporal integration is acceptable for hanging wall uplift 

calculations. The glaciofluvial gravel encountered in the Gaunt Creek outcrop 

(Cooper and Norris, 1994), DFDP-1A (Sutherland et al., 2012), and in the Gaunt 

Creek trench (Chapter 2; De Pascale and Langridge, 2012), is characterised by sub-

rounded to sub-angular schist-derived gravel with fluvial bedding and sorting (Table 

5.1). Based on the similar characteristics of the gravel encountered in the subsurface 

in DFDP-1A and in outcrops below the Alpine Fault, I interpret these deposits as the 

same approximate age and origin. In DFDP-1A, there is a minimum vertical thickness 

of 80 m of hanging wall rock overthrusting the 17.3 to 15.5 Cal ka B.P. Gravel 1 (Ta-

ble 5.2).  

 

No gravel was encountered in DFDP-1B: however, based on the dip of the 

fault in each of the two boreholes, and the fact that Gravel 1 was present in DFDP-1A, 

the surface projection of the Alpine Fault at 17.3 to 15.5 Cal ka B.P. was located 

between the two DFDP-1 boreholes. Based on these relationships, I can estimate a 

maximum vertical displacement of 115 m (without taking erosion into consideration if 

Gravel 1 is present immediately up-dip from DFDP-1B and overthrust by the Alpine 

Fault as in DFDP-1A) and a minimum vertical displacement, based on DFDP-1A 

Estimate constraints dependent on gravel age Hanging wall rock uplift estimate 
(mm/yr)

Using 17.3 ka maximum gravel age 5.7 ± 1.0

Using 15.5 ka minimum gravel age 6.3 ± 1.1

Table 5.2 -  Alpine Fault hanging wall rock uplift estimates at Gaunt Creek since 17.3 ka B.P.

Notes: Vertical hanging wall rock throw estimate without erosion estimate of 80-115 m (without 
erosion). Timing is based on oldest sub-fault glaciofluvial gravel age reported from Gaunt Creek 
(15.5 ka B.P.; Chapter 2; De Pascale and Langridge, 2012) and for minimum onset of deglaciation 
(17.3 ka B.P.; Vandergoes and Fitzsimons, 2003; Barrows et al., 2013).
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observations, of 80 m in the past 17.3 to 15.5 Cal ka B.P. Based on this range of 80-

115 m and not accounting for surface erosion, which removes evidence for true 

vertical displacement, a minimum late-Pleistocene vertical hanging wall rock uplift 

rate between of 5.7 ± 1.0 mm/yr at Gaunt Creek is possible (Table 5.2). The absence 

of any Quaternary sediments or Gravel 1 in DFDP-1B is also important as this shows 

that the minimum rock uplift rate (without taking local erosion into consideration) is 

unlikely to be much higher than ~7 mm/yr, although uncharacterised surface erosion 

at the site means that the estimated uplift rate (5.7 ± 1.0 mm/yr) is a minimum value.  

Notably, by recalculating the hanging wall uplift rate using 15.5 ka age from 

Gaunt Creek, which is possibly more realistic based on recent dating (Barrows et al., 

2013) a hanging wall rock uplift rate (relative to footwall) of 6.3 ± 1.1 mm/yr is 

estimated, showing that the additional ~ 1.8 ka for the deposition of sediments at the 

interface of the Alpine Fault at the paleo-surface in 17.3 ka does not reduce the 

hanging wall uplift values greatly. However, the real uplift rate at this site is equal to 

6.3 ± 1.1 plus erosion at the Gaunt Creek site. The Gaunt Creek site is presently very 

active (incision/erosion) but may not have been since the deposition of Gravel 1. So 

the ~ 6 mm/yr may correspond with the 6-9 mm/yr exhumation rate (Little et al., 

2005; Herman et al., 2010) if the erosion was ~1-3 mm/yr at Gaunt Creek since the 

deposition of Gravel 1. 

These geologically-derived hanging wall uplift rates are similar to bedrock 

exhumation rates 6–9 mm/yr estimated for the 3-5 Ma to 100 ka time period (Little et 

al., 2005; Herman et al., 2010) along the central Alpine Fault. This suggests steady 

and consistent uplift. These new estimates are minima because they do not account for 

erosion at the site as mentioned above. Importantly, hanging wall rock uplift along the 

central section of the Alpine Fault is extremely rapid and consistent with other rapid-
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uplift active orogens worldwide (e.g. Alaska, Larsen et al., 2004; and Taiwan, Peyret 

et al., 2011).  

 If there is 39.7 ± 0.7 mm/yr of motion across the plate boundary near Gaunt 

Creek (Berryman et al., 1992; DeMets et al., 2010; Sutherland et al., 2007) and 50-

80% of this motion is accommodated by the central Alpine Fault, then the vertical 

rates calculated at Gaunt Creek (Table 5.2) demonstrate that the majority of Late-

Pleistocene to Holocene slip at this location is accommodated by reverse faulting, 

which corresponds with the low-angle thrust fault measurements and relationships in 

outcrops adjacent to DFDP-1 (Cooper and Norris, 1994; De Pascale and Langridge, 

2012) and in the fault rocks found in DFDP-1 (Sutherland et al., 2012). That being 

stated, some oblique motion is also likely at this location along the thrust scarps north 

of Gaunt Creek based on the dominant dextral style of faulting over long time scales 

along the fault. 

5.10 Conclusions 

 The relative abundance of surface and subsurface data along the Alpine Fault 

in the Gaunt Creek area, including the first borehole samples through the principal 

slip zone (PSS) of the fault (DFDP-1), make this area critical for improving 

understanding the fault’s kinematics, and allow us to form the following conclusions: 

1) South of Gaunt Creek, along the Waitangitaona River, the Alpine Fault strikes 050 

and much of the strike-slip component of movement is partitioned onto a steeply 

dipping fault above a minor basal thrust (as also described by Barth et al., 2012). 

North of Gaunt Creek, the fault strike swings to 020, with some recent thrust traces 

striking NNW, and the dip reduces to <30° (Chapter 2; De Pascale and Langridge, 

2012). This thrust-dominated section is a restraining bend that links to ENE striking, 

dominantly strike-slip traces as far as the Whataroa River (Chapter 4) with a notable 
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absence of dominant dip-slip traces. Based on this, we assume the fault dips are 

steeper in the strike-slip sections (at least in the near-surface) than those along the 

shallow thrust traces of the Alpine Fault observed at Gaunt Creek. 

2) Fault scarps north of Gaunt Creek are clear in the lidar and in the field as linear 

multi-event north-northwest striking scarps up to 14 m high based on lidar profiling. 

3) Geologically-derived hanging wall, Pacific Plate rock uplift rates (relative to the 

footwall Australian Plate) calculated from displacements measured in outcrop and in 

the DFDP-1 boreholes, assuming onset of Alpine Fault proximal sedimentation post-

17.3 ka through correlation with the Late-Pleistocene sedimentary history, are a 

minimum of 5.7 ± 1.0 mm/yr to 6.3 ± 1.1 mm/yr. These uplift rates are the only on-

fault hanging wall uplift rate north of Lake Paringa (~60 km southwest of Gaunt 

Creek; Norris and Cooper, 2001) along the Alpine Fault, and these rates are very 

consistent with the results presented ~ 5 km northeast of here at Mint Creek (Chapter 

4). 

4) Degradational terrace risers near Gaunt Creek have been uplifted and abandoned ~ 

40 m above current floodplain of Gaunt Creek and remain undated. These risers must 

be younger than 17.3 ka based on the local glacial history and perhaps contain 

additional uplift signals that can be teased out through dating. 

5) Late-Pleistocene Pacific Plate hanging wall rock uplift rates are much greater than 

recent geodetic (GPS) vertical rates, demonstrating that the central Alpine Fault is 

currently locked and the fault’s tectonic contribution to the growth of the Southern 

Alps rangefront is on the order of a minimum of 6 mm/yr. 

6) The western Southern Alps appear to be in dynamic steady state since 3-5 Ma 

based on similar hanging wall rock uplift rates and exhumation rates. 
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7) Irrespective of erosion, Southern Alps rangfront uplift is dominated by the Alpine 

Fault, and this is one of the most rapidly uplifting mountain ranges in the world 

(England and Molnar, 1990). 

8) Because the interseismic uplift rate at the Alpine Fault is ~ 1 mm/yr (Beavan et al., 

2010), most of the hanging wall rock uplift likely takes place during large earthquakes 

along the Alpine Fault. 
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CHAPTER 6: Conclusions 

   

6.1 Abstract 

This chapter summarises the major findings and contributions from the goals and 

research questions of the thesis and discusses future directions for research.   

 

6.2 Review of findings 

 The overall purpose of this thesis was to obtain fundamental data regarding the 

neotectonics and paleoseismology of the central Alpine Fault on the South Island of New 

Zealand, by pursuing answers to the major research questions in Table 6.1. In my attempt to 

answer these questions, desktop and field research resulted in the answers to the questions 

provided in Table 6.1. 
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Chapter(s) 
addressed

Research 
questions

What answer could be provided?

Chapters      
2 and 3

When were the 
last few major 
Alpine Fault 
earthquakes?

Based on a review of all available data and new data collected in this thesis along the 
central Alpine Fault, major Alpine Fault earthquakes likely occurred c. 1717, 1600*, 1440, 
1210, and 930.  

Chapters         
2 to 5

What type of 
evidence and 
where do we 
have evidence 
of these 
earthquakes?

Both on- and off-fault (shaking) records are found along the Alpine Fault. On-fault records 
include trenching, short offsets, and dated surfaces, while off-fault shaking records include 
aggradation terraces, progradational coastal dune sequences, lacustrine turbidites, rockfall 
and landslide deposits, tree-damage, and varved sedimentary sequences. For the 1717 
earthquake, on-fault evidence extends for ~300 km while off-fault shaking records extend 
up to 380 km along the fault. Pre-1717 events are more spatially and temporally uncertain 
between the on- and off-fault records. Off-fault shaking records may reflect other sources.

Chapters         
2 to 5

What is the 
style of 
faulting?

The Alpine Fault often has clear strike-slip traces at the surface that are primaraly dextral 
(e.g. near Mint Creek - Chapter 3), but have evidence for dextral-reverse sense of slip (e.g. 
deformational bulges), while in other areas (e.g. the restraining bend at Gaunt Creek - 
Chapters 2 and 5) the fault is expressed in the landscape primarily as thrust faults (dipping 
< 40 degress).

Chapter 3

Is the fault 
segmented with 
specific 
ruptures on 
each of the 
segments?

Yes and no. The Alpine Fault has are variable slip-rates and styles of faulting over hundreds 
of kilometers along strike (e.g. mostly strike-slip south of Haast and offshort, whereas 
higher dip-slip rates and corresponding hanging wall uplift between the Haast and Toaroha 
Rivers). However, theis variability do not seem to be segment boundaries that would stop a 
rupture. For example, the only earthquake with a reasonable agreement between the on- 
and off-fault records, the 1717 earthquake, appears to have ruptured the southern, central, 
and terminated in the middle of the northern section of the fault. The 1600 earthquake 
appears to have only ruptured the northern portion of the fault and likely did not rupture 
"wall-to-wall" as inferred for the 1717 event. Therefore the named segment/segments of the 
fault should perhaps be reconsidered.

Chapter 3

How much 
does it slip at 
the surface in 
each major 
earthquake?

New lidar and field measurements of short dextral offsets suggest single-event 
displacements of 7.5 ± 1 m for the most recent earthquake (ca. 1717) while cumulative 
displacements from earlier ruptures can be binned into 7.1 ± 2.1 m increments of repeated 
dextral (uniform) slip along the central Alpine Fault for the past three events. 

Chapters      
4 and 5

What are the 
uplift rates 
along the fault?

Based on new mapping and dating at both Mint and Gaunt Creeks, minimum hanging wall 
uplift rates along the central Alpine Fault are estimated ~ 5 to 7 mm/yr. Prior to this study 
there were no Quaternary Alpine Fault hanging wall uplift estimates north of Lake Paringa.

Chapters      
3 and 6

Do existing 
fault behavior 
models best 
describe Alpine 
Fault behavior?

Maybe. Comparing the offsets from Chapter 3 with the local paleoseismic record and 
known plate kinematics suggests that the central Alpine Fault earthquakes in the past 1.1 ka 
may have; (i) bimodal character, with major surface ruptures (!Mw 7.9) every 270 ± 70 
years and with moderate to large earthquakes (!Mw 7) occurring between these ruptures, or 
(ii) that some shaking data may record earthquakes on other faults. If (i) is true, the uniform 
slip model (USM) perhaps best represents central Alpine Fault earthquake recurrence 
behavior, and argues against the applicability of the characteristic earthquake model (CEM) 
there. While if (ii) is true, perhaps the Alpine Fault is ‘characteristic’ and some shaking 
records proximal to plate boundary faults do not necessarily reflect major plate boundary 
surface ruptures. Ultimately, a review of Alpine Fault paleoseismic and slip data suggests 
that (i) is the most plausible interpretation, which has implications for our understanding of 
major plate-boundary faults worldwide. 

TABLE 6.1: SUMMARY OF ALPINE FAULT RESEARCH QUESTIONS AND MAJOR FINDINGS

Note: * the 1600 earthquake likely occurred on the northern Alpine Fault and perhaps there was partial slip on the northern end of the 
central Alpine Fault.  
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6.3 Major findings and contributions 

 The major contributions in Table 6.1 from this research provide fundamental baseline 

data to aid our understanding of the Alpine Fault. These findings were acquired through on-fault 

observations along the central Alpine Fault that were compared with other on- and off-fault 

records from along the fault. A summary of these chapters and their findings is below. The 

chapters in this thesis progressed from fault trenching and radiocarbon dating of a thrust scarp of 

the central Alpine Fault to estimate the style and timing of the most recent event (Chapter 2), to 

lidar and field mapping of short dextral Alpine Fault offsets (Chapter 3), to lidar, field, and 

geophysical mapping combined with OSL dating of terraces that have been uplifted on the 

hanging wall of the Alpine Fault to determine style of faulting and uplift rates (Chapter 4), to 

lidar and field mapping combined with borehole and outcrop results to determine style of 

faulting and estimate uplift rates (Chapter 5).  

 In Chapter 2, lidar mapping facilitated the discovery of a previously unmapped thrust 

scarp of the Alpine Fault near Gaunt Creek. Excavation of this scarp coincident with a terrace 

riser revealed a multievent thrust scarp juxtaposing hanging wall bedrock with a 5-50 cm thick 

clay fault gouge layer over unconsolidated Holocene footwall colluvium. An unfaulted peat at 

the base of the scarp is buried by post-most recent event (MRE) alluvium and yields a calibrated 

radiocarbon age of 1710-1930, which is consistent with sparse on-fault records and validates 

earlier off-fault shaking records that suggest a 1717 MRE. The 1717 event had a moment 

magnitude of Mw 8.1 ± 0.1 based on the 380-km-long surface rupture.  

 In Chapter 3, lidar and field mapping facilitated the discovery of previously unmapped 

short (<30 m) dextral offsets along the central Alpine Fault. Single-event displacements of 7.5 ± 
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1 m for the most recent earthquake (ca. 1717) and cumulative displacements of 12.9 m ± 2 m and 

22 m ± 2.7 m for two earlier ruptures can be binned into 7.1 ± 2.1 m increments of repeated 

dextral (uniform) slip along the central Alpine Fault. By comparing these data with short offsets 

records along the fault and the on-fault and shaking paleoseismic records, insight into the 

behavior of plate boundary faults can be explored. As outlined in Table 6.1 and Chapter 3, either 

the fault has bimodal character with major surface ruptures (!Mw 7.9) every 270 ± 70 years and 

with moderate to large earthquakes (!Mw 7) occurring between these ruptures, or some shaking 

data may record earthquakes on other faults. If the fault has bimodal character, then the uniform 

slip model perhaps best represents the central Alpine Fault, while if some of the shaking records 

are due to earthquakes on other faults, then perhaps the Alpine Fault is indeed ‘characteristic’. 

Ultimately, a review of Alpine Fault paleoseismic and slip data suggests that bimodal character 

is the most plausible interpretation because of earthquakes in 1717 and around 1600 along the 

northern portion of the central Alpine Fault, which has implications for our understanding of 

major plate-boundary faults worldwide.  

 In Chapter 4, lidar, field, and MASW geophysical mapping combined with OSL dating 

provide insight into the kinematics of the rangefront of the Southern Alps since ~ 12 ka. A new 

minimum Holocene hanging wall uplift rate of 6.0 ± 0.9 mm/yr along the Alpine Fault is 

estimated based on an uplifted terrace of Whataroa River sediments. New mapping shows that 

Alpine Fault near Mint Creek is dextral-reverse but dominantly strike-slip, with clear traces 

cutting across ~ 11 ka and older surfaces of varying elevations, and several deformational bulges 

observed along these traces that are likely thrust-bounded.!Deposition of greywacke-dominated 

Whataroa catchment alluvium along the foot of the rangefront buries the majority of the recent 

surface traces of the Alpine Fault near the Whataroa River, while alluvial fans derived from 
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creeks along the rangefront conceal the majority of surface traces of the fault in young alluvial 

surfaces at the rangefront. 

 Chapter 5, presents a review of the Quaternary geology, geomorphology and structure of 

the fault at the Deep Fault Drilling Site (DFDP) site at Gaunt Creek, and estimates new 

minimum Late-Pleistocene hanging wall rock uplift rates. Structurally, Gaunt Creek is located at 

a 2-km-wide restraining bend on the fault, dominated by dip-slip low-angle thrust faulting and 

without the clear strike-slip displacements that are present along nearby sections (<5 km along 

strike) of the fault. Steep bedrock slopes dominated by mass wasting on the hanging wall 

contrast with deeply-incised low-angle alluvial fans on the footwall. By correlating gravels in 

DFDP-1 that were deposited during deglaciation (after 17.3 ka and before 15.5 ka), I obtain Late-

Pleistocene minimum hanging wall (Pacific Plate) rock uplift rates of 5.7 ± 1.0 mm/yr to 6.3 ± 

1.1 mm/yr without considering local erosion. GPS-derived “interseismic” vertical uplift rates are 

< 1 mm/yr at the Alpine Fault, so the majority of Late-Pleistocene uplift at the rangefront 

appears to be coseismic during episodic major earthquakes along the fault. Combined, these 

results provide a baseline for further research along the Alpine Fault, which is thought to be 

approaching the end of its seismic cycle. 

6.4 Implications 

 Recent research has started to alter the way we view major plate boundary fault behavior. 

Prior to 2010, the characteristic earthquake model (CEM; Schwartz and Coopersmith, 1984), and 

the uniform slip model (USM; Sieh and Jahns, 1984) tended to dominate the way researchers 

viewed major plate boundary faults and earthquake hazards. In 2010, a number of researchers 

including Akciz et al., Grant Ludwig et al., and Zielke et al. came to the conclusion that perhaps 
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the plate boundary San Andreas Fault in California does not fit the CEM based on new data, and 

instead that perhaps the fault has bimodal character with partial ruptures and moderate 

magnitudes as well as full ruptures with large surface slip. More recently, Zielke et al. (2012) 

provided compelling evidence from the San Andreas Fault suggesting that the fault does not 

conform to either the CEM or the USM and a completely variable model, with variable slip a 

point from event to event, is a possibility. In 2011, Kagan et al. suggested that terms such as the 

“earthquake cycle” and “characteristic earthquake” are “buzz phrases” that do not withstand 

statistical testing. Specifically, these authors (Kagan et al., 2011) cite the plate boundary 2004 

Sumatra and the 2011 Tohoku earthquakes where ruptures propagated through supposed segment 

boundaries, and therefore had higher moment release than if these earthquakes stopped as 

supposed boundaries as expected. Perhaps we are learning new things about fault behaviour, or 

perhaps there are limitations in our data that contributes to the development of these models and 

our understanding of fault behaviour? Looking at the Alpine Fault in this light is instructive.  

 As with the San Andreas, recent work along the Alpine Fault is changing the way in 

which we view the fault’s behavior. In 2012 a number of studies all proposed different 

recurrence intervals for major earthquakes along the Alpine Fault. Berryman et al. (2012a) 

suggested that major earthquakes along the fault are about every 480 years based on trenching 

near Haast, whereas further south near where the fault goes offshore, Berryman et al. (2012b) 

suggested that the mean recurrence since 8 ka is 329 ± 68 years based on the dating of varved 

sequences. Howarth et al. (2012) dated megaturbidites in lakes near the central section of the 

fault and determined an earthquake recurrence of 260 ± 70 years. Reznichenko et al. (2012) 

demonstrated that moraines in the Southern Alps unambiguously contain rock avalanche material 

and that dated moraines are coincident in time with the Wells and Goff (2007) progradational 
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dune records. Wells and Goff (2007) dated progradational coastal dune sequences near Haast that 

they attributed to post-Alpine Fault earthquake river aggradation with recurrence intervals c. 150 

years and both the Wells and Goff (2007) and the Reznichenko et al. (2012) records are 

inconsistent with the trenching records at Haast (Berryman et al., 2012a). Barnes et al. (2013) 

dated stacked turbidites south of Milford Sound where the fault goes offshore, which they 

suggest are caused by large magnitude earthquakes, and found the recurrence interval of 

turbidites decreasing southward from ~190 years to 150 years (and possibly as low as 100 years) 

at the very southern end of the fault. Barnes et al. (2013) suggest that these records reflect mixed 

fault-source earthquake records from the Alpine Fault, the subduction zone, and from other local 

faults. Clearly this variability between on-fault and off-fault shaking records needs to be factored 

into our understanding of Alpine Fault behavior and seismic hazards on the South Island.  

 It seems likely that either the Alpine Fault has bimodal behavior with large through-going 

surface ruptures in addition to moderate (although landscape-altering) earthquakes; and/or that 

there are other seismic sources that are reflected in the off-fault (hitherto assumed Alpine Fault) 

records. Based on the offset distribution records from the along the Alpine Fault, it appears that 

slip is uniform at a point along the central Alpine Fault (Chapter 3), however near the junction 

with the Marlborough Fault System (MFS) at the southern end of the northern Alpine Fault 

segment, the slip records become more complex. This may be due to stress triggering with 

earthquake clusters between the Hope Fault and other MFS structures and the Alpine Fault, as 

proposed by Langridge et al. (2013). There are over a hundred recently-identified seismic 

sources within the Southern Alps (< 30 km from the Alpine Fault) with potential for Mw 5.5-7.4 

earthquakes at recurrence intervals of 1 to 10 ka (Cox et al., 2012), and it seems inconceivable 

that earthquakes on these faults would not have an impact on off-fault paleoseismic records 
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proximal to the Alpine Fault. Decoupling the shaking records from the on-fault timing and slip 

records is therefore essential to best characterise the Alpine Fault and determine the recurrence 

of strong ground motions in Westland, irrespective of source. Related to this, it appears overly 

simplistic to assume that all shaking records west of the Alps are related to the Alpine Fault, and 

much more work needs to be done in order to correlate the shaking records with trenching and 

offset records. It appears, based on the cumulative records outlined above, that Westland has not 

experienced a major earthquake since the 1826 subduction event with subsequent tsunami, and 

almost 300 years since the last major earthquake along the Alpine Fault, therefore we can assume 

that a large and landscape-altering earthquake along the Southern Alps rangefront is likely in the 

next 50 years, with accompanying landslides, rockfall, and corresponding river aggradation 

(Robinson and Davies, 2013), irrespective if it is from the Alpine Fault, or another fault.  

 Finally, a mention should be made about Alpine Fault rupture lengths and segment 

boundaries. Only the 1717 earthquake has been reasonably analysed in terms of surface rupture 

length with both on- and off-fault data. The 1717 earthquake likely had a surface rupture >380 

km and, based on trenching results, likely ruptured past the natural segment boundary with the 

MFS near Toaroha River and continued well into the northern section. No events prior to 1717 

are well enough constrained with both on- and off-fault data to estimate rupture lengths or 

determine segment boundaries. Ultimately, the 1717 event suggests that the currently-recognised 

segment/sections of the Alpine Fault may be of minor importance in fault rupture behavior.  

6.5 Suggestions for future work                                                                                                            

As outlined in the section above, decoupling the on- and off-fault records should be a priority in 

the near future to better characterise the Alpine Fault and regional seismic hazards. This could be 

achieved in a number of ways as outlined in Table 6.2.  
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Research Suggestion Details and what this could provide?

1. Acquire more lidar data along the 
Alpine Fault

The section north from the northern end of the lidar dataset used 
this this thesis up to, and covering the junction with the MFS to 
evaluate interplay between these faults would be a good follow-
up target. This could provide additional short offset data along the 
fault which could then be tied with existing offset and 
paleoseismic records to better evaluate plate boundary behavior.

2. Date sag ponds

Sag ponds south of Gaunt Creek have been identified as part of 
this research. These should be cored to see if earthquake records 
can be obtained from these sites. Through the combination of 
dating and short offsets presented in this thesis, recent slip-rates 
could be determined.

3. Dating of terraces near 
McCulloughs Creek

The clear diachronous tread abandonment of terraces on the 
footwall of the Alpine Fault at McCulloughs Creek should be 
targeted for dating. Stragetic OSL and/or radiocarbon dating may 
provide slip rate estimates when combined with offset distances.

4. Trenching at Gaunt Creek
The trench at Gaunt Creek should be revisited and excavated 
deeper and longer in both directions to obtain further on-fault 
earthquake records.

5. Trenching at Mint Creek
The fault scarp identified along with traces of the fault mapped in 
this thesis should be targeted for trenching investigations to 
obtain on-fault earthquake records. 

6. The tentative high pre-LGM terrace 
should be investigated

Field investigations and dating opportunities of the tentatitive pre-
LGM Whataroa River terrace near Mint Creek should be 
investigated. This could provide long-term hanging wall uplift 
and insight into long-term preservation of rangefront hanging 
wall sediments.

7. Trenching near the Whataroa River

The fault traces mapped in this thesis that are present in the 
MASW data should be targeted. A large-scale trench with a 
loader or bulldozer could be used here and may provide important 
opportunites to date events and post-earthquake Whataroa 
aggradation. 

TABLE 6.2: SUGGESTIONS FOR FUTURE WORK
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Accelerator Mass Spectrometry Result

36168NZA

Job No 105100

R 32654/1

Measured 03-May-11

Issued 04-May-11
This result for the sample submitted is for the exclusive use of the submitter. 
All liability whatsoever to any third party is excluded.

TW No 2601

peat/organic sediment

Sample ID GCT-R2*

Submitter

-309.6 ± 2.5 ‰C = 1469.04 ± 0.25Per cent modern = !!!!**

*  Reported age is the conventional radiocarbon age before present (BP)

**  Per cent modern means absolute per cent modern relative to the NBS oxalic acid standard

C and absolute per cent modern are as defined by Stuiver  Polach, Radiocarbon 19:355-363 (1977)

Robert Langridge    Hazards, Active Landscapes

-26.5 ‰"""" 13 C =2917 ± 30 BPRadiocarbon Age

14!Age,

"""" 14 C = -311.8 ± 2.4 ‰

C, " 14

(HOxI)

corrected for decay since 1950.

Description

*

Sample consisted of dark grey brown sediment: Munsell 10YR 4/2. Microscopic exam revealed 
dark grey brown sediment, with many rootlets, many shiny minerals, mica, quartz. A few white 
threads and blue threads seen. Mixed sediment well. Halved and quartered, quartered again to 
select representative subsample. Stored remainder. Picked out all rootlets along with threads with 
tweezers. Ground sediment in mortar and pestle. Treated with acid / alkali /acid process. Dried in 
vacuum oven. Amber colour came out in solution during first acid wash, amber colour and then 
yellow in alkali washes, and pale yellow in final acid wash. Final sample was very fine grained and 
light grey.

Sample Treatment Details

Fraction Dated treated sediment

Stored remainder

Comments

National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS Science)

PO Box 31-312 Lower Hutt, New Zealand     Fax +64 4 570 4657  Phone +64 4 570 4644

www.RafterRadiocarbon.co.nz

The reported errors comprise statistical errors in sample and standard determinations, combined in quadrature with a system 
error component based on the analysis of an ongoing series of measurements on an oxalic acid standard.

conservatively estimated as 0% (= ± 0 radiocarbon years).For the present result the system error component is
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R32654/1RAFTER RADIOCARBON LABORATORY
 

INSTITUTE OF GEOLOGICAL AND NUCLEAR SCIENCES LTD.
PO Box 31312, Lower Hutt, New Zealand

Phone (+64 4) 570 4671, Fax (+64 4) 570 4657
 

RADIOCARBON CALIBRATION REPORT
 

NZA 36168  CONVENTIONAL RADIOCARBON AGE    2917 ± 30 years BP
 
Southern Hemisphere Atmospheric data from McCormac et al (2004);
FG McCormac, AG Hogg, PG Blackwell, CE Buck, TFG Higham, and PJ Reimer (2004)
Radiocarbon 46, 1087-1092
 
 
CALIBRATED AGE in terms of confidence intervals (Smoothing parameter: 0, Offset: 0)
 

68% confidence interval is 1110 BC to 1100 BC3059 BP to 3049 BP (4.5% of area)
plus 1085 BC to 974 BC 3034 BP to 2923 BP (60.9% of area)

 
95% confidence interval is 1186 BC to 1180 BC3135 BP to 3129 BP (0.6% of area)

plus 1152 BC to 917 BC 3101 BP to 2866 BP (94.3% of area)
 

Calibrated age probability distribution
with 95% confidence interval shaded

1500 BC 1300 BC 1100 BC 900 BC 700 BC
CAL years

3450 3250 3050 2850 2650
CAL BP years

2 sigma threshold
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Accelerator Mass Spectrometry Result

36169NZA

Job No 105102

R 32654/3

Measured 03-May-11

Issued 04-May-11
This result for the sample submitted is for the exclusive use of the submitter. 
All liability whatsoever to any third party is excluded.

TW No 2601

bulk soil sample

Sample ID GCT-R5

Submitter

-455.5 ± 2.1 ‰C = 1454.45 ± 0.21Per cent modern = !!!!**

*  Reported age is the conventional radiocarbon age before present (BP)

**  Per cent modern means absolute per cent modern relative to the NBS oxalic acid standard

C and absolute per cent modern are as defined by Stuiver  Polach, Radiocarbon 19:355-363 (1977)

Robert Langridge    Hazards, Active Landscapes

-27.8 ‰"""" 13 C =4823 ± 30 BPRadiocarbon Age

14!Age,

"""" 14 C = -458.6 ± 2 ‰

C, " 14

(HOxI)

corrected for decay since 1950.

Description

*

Sample consisted of greyish brown sediment: Munsell 10YR 5/2.  Many roots and plant materials 
visible. Microscopic exam revealed brown bulk soil. Many stones, mica, rootlets and plant 
material seen. Heaps of roots.  Mixed all of soil then halved and quartered sample to select 
subsample. Remainder stored.  Added water then centrifuged to try float roots. Vacuum dried. 
Weighed out sample and removed roots from this. Sieved through 425um mesh. Treated with acid 
/ alkali /acid process. Light amber colour came out in solution during first acid wash, light green-
brown in alkali wash. Dried in vacuum oven. Final sample is light grey silty grains.

Sample Treatment Details

Fraction Dated treated sediment

Stored remainder

Comments

National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS Science)

PO Box 31-312 Lower Hutt, New Zealand     Fax +64 4 570 4657  Phone +64 4 570 4644

www.RafterRadiocarbon.co.nz

The reported errors comprise statistical errors in sample and standard determinations, combined in quadrature with a system 
error component based on the analysis of an ongoing series of measurements on an oxalic acid standard.

conservatively estimated as 0% (= ± 0 radiocarbon years).For the present result the system error component is
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R32654/3RAFTER RADIOCARBON LABORATORY
 

INSTITUTE OF GEOLOGICAL AND NUCLEAR SCIENCES LTD.
PO Box 31312, Lower Hutt, New Zealand

Phone (+64 4) 570 4671, Fax (+64 4) 570 4657
 

RADIOCARBON CALIBRATION REPORT
 

NZA 36169  CONVENTIONAL RADIOCARBON AGE    4823 ± 30 years BP
 
Southern Hemisphere Atmospheric data from McCormac et al (2004);
FG McCormac, AG Hogg, PG Blackwell, CE Buck, TFG Higham, and PJ Reimer (2004)
Radiocarbon 46, 1087-1092
 
 
CALIBRATED AGE in terms of confidence intervals (Smoothing parameter: 0, Offset: 0)
 

68% confidence interval is 3633 BC to 3621 BC5582 BP to 5570 BP (8.8% of area)
plus 3602 BC to 3522 BC5551 BP to 5471 BP (59.0% of area)

 
95% confidence interval is 3639 BC to 3507 BC5588 BP to 5456 BP (84.8% of area)

plus 3424 BC to 3380 BC5373 BP to 5329 BP (10.3% of area)
 

Calibrated age probability distribution
with 95% confidence interval shaded

3850 BC 3750 BC 3650 BC 3550 BC 3450 BC 3350 BC 3250 BC
CAL years

5800 5700 5600 5500 5400 5300 5200
CAL BP years

2 sigma threshold
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Accelerator Mass Spectrometry Result

36205NZA

Job No 105103

R 32654/4

Measured 04-May-11

Issued 06-May-11
This result for the sample submitted is for the exclusive use of the submitter. 
All liability whatsoever to any third party is excluded.

TW No 2602

peat - possibly disseminated peat amongst gravel

Sample ID GCT-R8

Submitter

-796.5 ± 1.1 ‰C = 1420.35 ± 0.11Per cent modern = !!!!**

*  Reported age is the conventional radiocarbon age before present (BP)

**  Per cent modern means absolute per cent modern relative to the NBS oxalic acid standard

C and absolute per cent modern are as defined by Stuiver  Polach, Radiocarbon 19:355-363 (1977)

Robert Langridge    Hazards, Active Landscapes

-30.4 ‰"""" 13 C =12731 ± 45 BPRadiocarbon Age

14!Age,

"""" 14 C = -798.8 ± 1.1 ‰

C, " 14

(HOxI)

corrected for decay since 1950.

Description

*

Sample consisted of brown gravel with small amount of soil.  Colour is Munsell 10YR 4/3 brown. 
Microscopice exam revealed mainly gravel, minerals, and fragments resembling clear glass. Sieved 
sample at 355 microns to remove gravels. Used <355ug portion for dating.  Treated with acid / 
alkali /acid process. Deep yellow colour came out in solution during first acid wash, pale yellow 
colour during alkali. Dried in vacuum oven. Final material is fine silty grains of white-grey.

Sample Treatment Details

Fraction Dated treated peaty soil

Stored gravels and remainder

Comments

National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS Science)

PO Box 31-312 Lower Hutt, New Zealand     Fax +64 4 570 4657  Phone +64 4 570 4644

www.RafterRadiocarbon.co.nz

The reported errors comprise statistical errors in sample and standard determinations, combined in quadrature with a system 
error component based on the analysis of an ongoing series of measurements on an oxalic acid standard.

conservatively estimated as 0% (= ± 0 radiocarbon years).For the present result the system error component is
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R32654/4RAFTER RADIOCARBON LABORATORY
 

INSTITUTE OF GEOLOGICAL AND NUCLEAR SCIENCES LTD.
PO Box 31312, Lower Hutt, New Zealand

Phone (+64 4) 570 4671, Fax (+64 4) 570 4657
 

RADIOCARBON CALIBRATION REPORT
 

NZA 36205  CONVENTIONAL RADIOCARBON AGE    12731 ± 45 years BP
 
Atmospheric data from Reimer et al (2009);
PJ Reimer, MGL Baillie, E Bard, A Bayliss, JW Beck, PG Blackwell,
C Bronk Ramsey, CE Buck, GS Burr, RL Edwards, M Friedrich, PM Grootes,
TP Guilderson, I Hajdas, TJ Heaton, AG Hogg, KA Hughen, KF Kaiser, B Kromer,
FG McCormac, SW Manning, RW Reimer, DA Richards, JR Southon, S Talamo,
CSM Turney, J van der Plicht, CE Weyhenmeyer (2009) Radiocarbon 51:1111-1150.
 
CALIBRATED AGE in terms of confidence intervals (Smoothing parameter: 0, Offset: 0)
 

68% confidence interval is 13264 BC to 12992 BC 15213 BP to 14941 BP (67.9% of area)
 
95% confidence interval is 13585 BC to 12802 BC 15534 BP to 14751 BP (95.0% of area)

 

Calibrated age probability distribution
with 95% confidence interval shaded

15250 BC 14750 BC 14250 BC 13750 BC 13250 BC 12750 BC 12250 BC 11750 BC
CAL years

17200 16700 16200 15700 15200 14700 14200 13700
CAL BP years

2 sigma threshold
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Accelerator Mass Spectrometry Result

36252NZA

Job No 105101

R 32654/2

Measured 12-May-11

Issued 16-May-11
This result for the sample submitted is for the exclusive use of the submitter. 
All liability whatsoever to any third party is excluded.

TW No 2606

peat (berry and plant fragment)

Sample ID GCT-R3F

Submitter

-21.4 ± 1.9 ‰C = 1497.86 ± 0.19Per cent modern = !!!!**

*  Reported age is the conventional radiocarbon age before present (BP)

**  Per cent modern means absolute per cent modern relative to the NBS oxalic acid standard

C and absolute per cent modern are as defined by Stuiver  Polach, Radiocarbon 19:355-363 (1977)

Robert Langridge    Hazards, Active Landscapes

-24.3 ‰"""" 13 C =115 ± 15 BPRadiocarbon Age

14!Age,

"""" 14 C = -20 ± 1.9 ‰

C, " 14

(HOxI)

corrected for decay since 1950.

Description

*

Sample consisted of shriveled seed pod/berry. Almost black in colour, with some plant 
fragments/wood. Microscopic exam on berry revealed very dark brown wizened pod. Rootlet 
through inside of pod. Some dark coloured sandy sediment inside also. Removed both rootlet and 
sand with tweezers. Crunched up berry in beaker. Treated with acid / alkali /acid process. Pale 
yellow colour came out in solution during alkali wash. Dried in vacuum oven. Final sample is 
brown flakes.

Sample Treatment Details

Fraction Dated treated berry

Stored plant fragments

Comments

National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS Science)

PO Box 31-312 Lower Hutt, New Zealand     Fax +64 4 570 4657  Phone +64 4 570 4644

www.RafterRadiocarbon.co.nz

The reported errors comprise statistical errors in sample and standard determinations, combined in quadrature with a system 
error component based on the analysis of an ongoing series of measurements on an oxalic acid standard.

conservatively estimated as 0% (= ± 0 radiocarbon years).For the present result the system error component is
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R32654/2RAFTER RADIOCARBON LABORATORY
 

INSTITUTE OF GEOLOGICAL AND NUCLEAR SCIENCES LTD.
PO Box 31312, Lower Hutt, New Zealand

Phone (+64 4) 570 4671, Fax (+64 4) 570 4657
 

RADIOCARBON CALIBRATION REPORT
 

NZA 36252  CONVENTIONAL RADIOCARBON AGE    115 ± 15 years BP
 
Southern Hemisphere Atmospheric data from McCormac et al (2004);
FG McCormac, AG Hogg, PG Blackwell, CE Buck, TFG Higham, and PJ Reimer (2004)
Radiocarbon 46, 1087-1092
 
 
CALIBRATED AGE in terms of confidence intervals (Smoothing parameter: 0, Offset: 0)
 

68% confidence interval is 1715 AD to 1717 AD 235 BP to 233 BP (1.9% of area)
plus 1815 AD to 1830 AD 135 BP to 120 BP (21.6% of area)
plus 1892 AD to 1921 AD 58 BP to 29 BP (44.1% of area)

 
95% confidence interval is 1706 AD to 1723 AD 244 BP to 227 BP (7.6% of area)

plus 1810 AD to 1838 AD 140 BP to 112 BP (28.3% of area)
plus 1845 AD to 1867 AD 105 BP to 83 BP (5.4% of area)
plus 1878 AD to 1932 AD 72 BP to 18 BP (53.5% of area)

 

Calibrated age probability distribution
with 95% confidence interval shaded

1600 AD 1700 AD 1800 AD 1900 AD 2000 AD
CAL years

350 250 150 50 -50
CAL BP years

2 sigma threshold
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Laboratory OSL Age Dating 
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OSL dating results for Gregory De Pascale samples 
 
For each sample quartz was extracted for De measurements. In OSL lab, the sample was treated firstly with 
10% HCl and 30% H2O2 to remove organic materials and carbonates, respectively. The fraction of 90-150 µm 
was chosen for De determination. The grains were treated with HF acid (40%) for about 60 min, followed by 
10% HCl acid to remove fluoride precipitates. 
 
 
Measurement techniques 
Quartz OSL measurements were performed using an automated Risø TL/OSL-20 reader. Stimulation was 
carried out by a blue LED (!=470±20 nm) stimulation source for 40 s at 130 oC. Irradiation was carried out 
using a 90Sr/90Y beta source built into the reader. The OSL signal was detected by a 9235QA photomultiplier 
tube through a U-340 filter with 7.5 mm thickness. 
 
 
Equivalent dose (De) measurement and age calculation 
For De determination, SAR protocol was adopted. The preheat temperature is chosen to be 240 oC for 10 s 
and cut-heat is 200 oC for 10 s. The final De is the average of Des of all aliquots, and the error of the final De is 
the standard error of the De distribution. For De determination, small aliquot (dia. 0.3 mm) was used. The 
Quartz OSL was fast component dominated. Recycling ratios were between 0.90-1.1. Recuperation is 
negligible. The cosmic ray dose rate was estimated for each sample as a function of depth, altitude and 
geomagnetic latitude. The concentration of U, Th and K was measure by neutral activation analysis. The 
elemental concentrations were then converted into annual dose rate, taking into account of the water content 
effect. The final OSL age is then: De/dose-rate. 
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APPENDIX V 
 

OBLIQUE AERIAL PHOTOGRAPHS 
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Map showing the approximate locations and view area of air photographs taken in 2011 and 
2013. Numbers correspond with Appendix V and page number. 
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Oblique photograph above the Waitangitaona River looking southwest along the Alpine Fault.  
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Oblique photograph above the Waitangitaona River looking northeast along the Alpine Fault. 
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Oblique photograph looking southeast above the Gaunt Creek (DFDP-1) with Gaunt Creek’s 
Alpine Fault outcrop on right. Shingle road leads up to the square drilling platforms of DFDP 1A 
and 1B. 
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Oblique photograph above Gaunt Creek looking northeast up the Whataroa River drainage basin 
with the tributary Perth River in the background. 
 
 
 



AV - 7 
 

 
 
 
Oblique photograph looking north above Ice Lake towards the Whataroa Glacier. 
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Oblique photograph looking southeast above the Whataroa Glacier near the Main Divide. 
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Oblique photograph above the Whataroa River looking southwest along strike of the Alpine 
Fault towards Mint Creek. Mint Creek is the drainage that crosses the main road where the 
vegetation changes from green to brown to the left (south) of the main road. 
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De Pascale and Langidge, 2012 Reprint 
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INTRODUCTION
The Alpine fault is a major dextral-reverse 

fault that accommodates much of the motion 
between the Pacifi c and Australian plates 
(Fig. 1) along the western side of the South 
Island of New Zealand (Wellman, 1953). 
The fault accommodates 50%–80% of the 37 
± 2 mm yr–1 of motion across the plate bound-
ary (Berryman et al., 1992; DeMets et al., 1994; 
Sutherland et al., 2006) and is estimated to rup-

ture in large to great earthquakes (Sutherland et 
al., 2007), but has not ruptured during the short 
historical period in New Zealand (since 1840). 
An alternative hypothesis (Walcott, 1978) sug-
gests that aseismic creep accommodates the 
majority of the plate-boundary motion. Based 
on lichenometric dating of coseismic rock falls 
(Bull, 1996), post-earthquake aggradational ter-
races (Adams, 1980), paleoseismic trenching 
along the fault at the northern terminus of the 

central section, tree-ring dating studies (Wells et 
al., 1999), deformed river terraces, buried sur-
faces, fallen trees (Adams, 1980; Yetton, 2000), 
and coastal dune progradation sequences (Wells 
and Goff, 2007), the most recent event (MRE) 
occurred ca. A.D. 1717; it is possible that ear-
lier ruptures occurred ca. 1615, ca. 1430, and 
ca. 1230. Dendrochronology shows the highest 
temporal resolution for the MRE along the fault 
with abrupt tree growth decline due to earth-
quake damage along the fault in 1717 (Wells et 
al., 1999). Based on these studies, the fault is 
considered near the end of its current earthquake 
cycle (Sutherland et al., 2007); there is an esti-
mated probability of 30% for a large earthquake 
in the next 50 yr (Rhoades and Van Dissen, 
2003). Although 2 large earthquakes in Canter-
bury of Mw 7.1 and Mw 6.3 in 2010 and 2011 
caused extensive damage and liquefaction (e.g., 
Cubrinovski et al., 2011; Quigley et al., 2012), 
the higher magnitude potential from Alpine 
fault earthquakes makes it the greatest seismic 
hazard for the South Island (Fig. 2).

On geomorphic and structural grounds the 
typically linear Alpine fault (when viewed at 
small scales; e.g., satellite imagery, 1:100,000 
topographic maps) is generally divided into the 
southern, central, and northern sections (Fig. 3). 
The late Quaternary geological dextral slip rates 
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ABSTRACT
The dextral-reverse Alpine fault is the major onshore plate-boundary structure between the 

Australian and Pacifi c plates in New Zealand. No previous study of the central portion of the 
200-km-long central segment has provided on-fault evidence for the most recent event (MRE). 
Using lidar (light detection and ranging) data coupled with fi eld mapping, we recognized the 
main trace of the Alpine fault north of Gaunt Creek (South Island) as a north-striking fault 
scarp. We enhanced a natural exposure that revealed evidence for repeated late Holocene 
thrust fault movement. The north-northwest–striking fault zone is characterized by a distinct 
5–50-cm-thick clay fault-gouge layer juxtaposing hanging-wall bedrock (mylonites and catacla-
sites) over unconsolidated late Holocene footwall colluvium. The bedrock is cut by a strath ter-
race and overlain by mid-Holocene (ca. 5400 calibrated 14C yr B.P.) alluvial terrace, which has 
been faulted repeatedly and is conformably overlain by undeformed late Holocene colluvium 
and alluvium. An unfaulted peat at the base of the scarp is buried by post-MRE alluvium and 
yields a calibrated 2! radiocarbon age of A.D. 1710–1930, which dates the MRE as post-1709. 
Our data are consistent with sparse on-fault data, and validate earlier off-fault records that 
suggest an A.D. 1717 MRE. The 1717 event had a moment magnitude of Mw 8.1 ± 0.1, based 
on the 380-km-long surface rupture. Because the fault has not ruptured for ~300 yr, it is likely 
approaching the end of its seismic cycle and poses a signifi cant seismic hazard to New Zealand.
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for the fault’s southern, central, and northern 
sections are 23 ± 1 mm yr–1, 27 ± 5 mm yr–1, and 
14 ± 2 mm yr–1, respectively (Sutherland et al., 
2006; Norris and Cooper, 2001; Langridge et 
al., 2010). The onshore southern section extends 
at least ~130 km from near Milford Sound to 

Haast, shows primarily strike-slip motion (Coo-
per and Norris, 1995), and likely continues off-
shore south of Milford Sound (Barnes, 2009). 
The ~200-km-long central section extends from 
the Haast River to the Kokatahi River, bounds 
the western edge of the Southern Alps, has the 
highest strike-slip (27 ± 5 mm yr–1) and dip-slip 
(8–12 mm yr–1) rates, and is associated with 
the highest summits and overall elevation in 
the Southern Alps (Norris and Cooper, 2001; 
Little et al., 2005). Several high-slip-rate faults 
(e.g., Hope, Kelly) splay off the northern end 
of the central section, transferring plate motion 
to the Marlborough fault system (Van Dissen 
and Yeats, 1991; Langridge and Berryman, 
2005). The central fault has the highest slip rate 
because a high proportion of the plate-boundary 
deformation across the South Island is accom-
modated by the fault, while deformation is par-
titioned on to other subparallel structures along 
the Marlborough fault system in the north (MFS, 
Fig. 1) and on to structures in the south, reduc-
ing slip rates along the fault in these sections 

(Norris and Cooper, 2001). The central section 
is also associated with high vertical exhumation 
rates, from 6 to 12 mm yr–1 based on geologic 
records (Little et al., 2005; Toy et al., 2010), and 
vertical deformation rates of ~5 mm yr–1 based 
on GPS data (Beavan et al., 2010).

Along most of its onshore length, the Alpine 
fault is strongly expressed as a linear, N055°E 
striking geomorphic lineament that divides 
the hanging-wall Southern Alps from the West 
Coast coastal plain. High relief (as much as 
2000 m at the range front), dense rainforest, and 
high precipitation (9–14 m yr–1 in the South-
ern Alps) make both fi eld and remotely sensed 
mapping diffi cult. Fluvial and landslide activity 
have overprinted the tectonic geomorphology, 
obscuring fault traces that formed during recent 
surface ruptures. Because of these challenges, 
there is a 200 km on-fault paleoseismicity data 
gap between the Haast and Toaroha Rivers.

We focused our investigations around Gaunt 
Creek (Fig. 1), a tributary of the Waitangitaona 
River, and a key site for the characterization of 
slip rates, fault rock sequences, and fl oodplain 
geomorphology (e.g., Cooper and Norris, 1994; 
Davies and Korup, 2007; Toy et al., 2010). The 
Alpine fault crops out on the southern side of 
Gaunt Creek; the outcrop is almost 700 m long 
and >100 m high, with mylonitized schist over-
thrusting late Pleistocene gravels and mylonite 
debris (Cooper and Norris, 1994). Adjacent to 
our fi eld site, the Deep Fault Drilling Project 
(DFDP-1) boreholes intercepted the fault in 
2011 (R. Sutherland, 2011, personal commun.). 
Aerial photos show that Gaunt Creek fl oods fre-
quently, most recently in the 1980s (Davies and 
Korup, 2007), in response to precipitation and 
landsliding, which locally obscure fault traces.

METHODS
We mapped geological and geomorphic fea-

tures using a 2 m digital elevation model (DEM) 
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Figure 2. Log of Alpine 
fault exposure from 
Gaunt Creek (South Is-
land, New Zealand) with 
radiocarbon ages (14C; 
cal.—calibrated) and 
seven generalized units: 
mylonite bedrock, fault 
gouge, faulted colluvium, 
terrace alluvium, most 
recent fault scarp (CW1), 
post–A.D. 1717 alluvium, 
and the modern forest 
fl oor (soil); Alpine fault is 
shown in red. (See foot-
note 1 for the full log.) 
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generated from airborne light detection and 
ranging (lidar) data (Fig. 1), and revised previ-
ous mapping from the site (Cooper and Nor-
ris, 1994). Although the area is covered by 
dense rainforest, the lidar data enabled us to 
map recent stream channels, alluvial fans, talus 
deposits, fl uvial risers, seven different terrace 
surfaces (Qt1–Qt7), and faults (Fig. 1), which 
we validated by fi eld checking. We targeted 
for fi eld investigation a 300-m-long linear 
fault scarp along the northern end of the Gaunt 
Creek terraces, mapped the north-northwest–
striking scarp in the fi eld, and tracked it to 
where it intersects a subvertical terrace riser 
striking 125° (oblique to the fault scarp). The 
scarp trends northward from the terrace riser 
through rainforest as a 2–10-m-high, ~20°–45° 
west-facing scarp, and we excavated an expo-
sure across it at the riser (Fig. 1).

RESULTS
We exposed faulted bedrock, alluvium, and 

colluvium buried by as much as 2.4 m of scarp-
derived colluvium and alluvium, and post-MRE 
deposits (Fig. 2; see the GSA Data Repository1 
for the entire fault exposure log). The princi-
pal fault zone strikes north-northwest and dips 
southeast (334/26 SE); hanging-wall mylonites 
and cataclasites with fault gouge at the base of 
the bedrock are thrust over unconsolidated allu-
vium and colluvial debris on the footwall. On 
the hanging wall, mylonite bedrock is cut by 
a strath surface and overlain by a folded cob-
ble- to boulder-sized clast-supported alluvium. 
Attitudes within the mylonites and cataclasites 
are consistent with the low-angle overthrust-
ing observed in the gouge zone. We identifi ed 
a minimum of three colluvial deposits in fault 
contact with the terrace alluvium and bedrock 
exposed in the hanging wall. Colluvium CW1 
armors the scarp, overlies the principal fault 
plane, and is unfaulted. Below CW1, the fault is 
characterized by a 5–50-cm-thick zone of light 
bluish-gray, high-plasticity clay fault gouge 
with gravel inclusions forming a discrete con-

tact zone between the terrace alluvium and older 
colluvial units (e.g., CW2).

Results from radiocarbon dating allow us to 
further interpret the complex stratigraphic and 
faulting history of the Alpine fault at Gaunt 
Creek (Table 1). A peat that formed on top of 
CW1 at the base of the buried scarp (sample 
R3F) yielded a 2! calibrated (cal) age range 
of A.D. 1710–1930. Soil formed into the top of 
the alluvial terrace deposits (sample R5) in the 
hanging-wall block is 5330–5590 cal 14C yr B.P. 
Two additional peat layers (samples R2* and 
R8) formed on older colluvial deposits, which 
are now below the fault plane, yielded 2! cali-
brated ages of 2870–3140 cal 14C yr B.P. and 
14,750–15,530 cal 14C yr B.P., respectively.

DISCUSSION
New lidar data permitted discovery of a 

north-striking scarp, the main trace of the Alpine 
fault, north of the young Gaunt Creek terraces 
(Qt5–Qt7), which locally obscure the surface 
trace. We excavated an exposure of the scarp, 
and documented a thrust fault with as much as 
50 cm of clay fault gouge. During the MRE, 
coseismic uplift generated a colluvial deposit 
(CW1) that stabilized the fault scarp, allow-
ing a weak soil and peat to form on the scarp. 
Because the footwall block was downthrown 
during the MRE and previous ruptures, 2.4 m 
of post-MRE bluish-gray alluvium derived from 
Gaunt Creek and its tributaries (Figs. 1 and 2) 
onlapped the fault while burying CW1 (includ-
ing the peat we dated) and portions of the scarp, 
a process described by many others (e.g., see 
Carver and McCalpin, 1996). The stratigraphy 
in our exposure (Fig. 2), combined with radio-
carbon dating (Table 1), indicates a history of 
repeated late Holocene movements, including a 
post–A.D. 1709 surface rupture that juxtaposed 
a 5 ka terrace against colluvium. The ages of the 
faulted colluvial deposits on the footwall that 
range from 2870 to 15,530 cal 14C yr B.P. are 
likely related to prehistoric Alpine fault earth-
quakes. We interpret these combined observa-

tions as evidence for the A.D. 1717 rupture, and 
thus provide the fi rst on-fault evidence from 
the high vertical deformation zone along the 
central Alpine fault for this postulated event. 
Previously, only off-fault information about the 
1717 earthquake was available along the fault 
between the Haast area (Berryman et al., 2012) 
and the Toaroha River (Wells et al., 1999; Yet-
ton, 2000), which are ~200 km apart; there were 
no on-fault data to support the hypothesis of a 
single rupture through both locations. This work 
also provides the fi rst documentation of MRE 
thrust motion along the fault, with dominantly 
low-angle thrusting on a north-northwest–strik-
ing fault and consistent with the overall plate 
motion vector of 071° in the central South Island 
(DeMets et al., 1994). In addition, the strike of 
the thrust we document here (334°) deviates 
from the regional strike of the fault (055°); this 
supports fault partitioning models developed by 
Norris and Cooper (1997).

We compiled all reported on-fault and off-
fault paleoseismic records for an A.D. 1717 
event on the Alpine fault and suggest that at least 
380 km (linear map distance) of the onshore 
fault ruptured, from Milford Sound to the Hau-
piri River (Fig. 3). Prior to this study, the 1717 
event was documented in the north from on-fault 
trenching near the Toaroha River, Inchbonnie, 
and the Haupiri River, the northern terminus of 
the 1717 MRE (Wells et al., 1999; Yetton, 2000; 
our unpublished data [Langridge]), suggesting 
a minimum surface-rupture length of ~70 km. 
Our results, combined with the results of Ber-
ryman et al. (2012) from trenching near Haast, 
give an on-fault minimum 1717 rupture length 
of ~280 km between the Haupiri and Turnbull 
Rivers (Fig. 3). South of Turnbull, there are 
scant on-fault 1717 records; however, there 
are tree-ring chronologies near Milford Sound 
showing the event (Wells et al., 1999), and 
apparently young but undated offsets (<10 m) 
around Hokuri Creek (Sutherland and Norris, 
1995). Based on regression equations by Hanks 
and Bakun (2002), which Stirling et al. (2012) 

1GSA Data Repository item 2012225, detailed fault exposure photographs and log from the new Alpine fault exposure site at Gaunt Creek, New Zealand, is available 
online at www.geosociety.org/pubs/ft2012.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. 

TABLE 1. RESULTS FROM RADIOCARBON DATING FROM GAUNT CREEK FAULT EXPOSURE

Sample 
number

Exposure unit NZA 
laboratory 

number

"13C Radiocarbon age
(14C yr B.P.)

Calibrated age 2!
(cal yr B.P. or

calendar yr A.D.)

Probability for
each 2! range

(%)

Material and signifi cance

GCT-R2* Older colluvial unit 36168 #26.5 2917 ± 30 2870–3100 
cal yr B.P.

3130–3140 
cal yr B.P.

94.3 0.6 Peat found in older colluvial wedge below fault 
plane. Dates age of paleo-earthquake on the 
fault?

GCT-R5 Alluvial terrace 36169 #27.8 4823 ± 30 5330–5370 
cal yr B.P

5460–5590 
cal yr B.P.

10.3 84.8 Peat found in alluvium of alluvial terrace. Dates 
the age of the terrace.

GCT-R8 Older colluvial unit 36205 #30.4 12731 ± 45 14750–15530 cal yr B.P. 95.0 Peat at base of trench below fault plane. Dates 
age of a paleo-earthquake on the fault?

GCT-R3F Top of CW1 36252 #24.3 115 ± 15 A.D. 1710–1720, 1810–1840, 
1850–1870, 1880–1930

7.6
5.4

28.3
53.5

Peat growing at the base of the fault scarp 
postdates the most recent event. Surface 
rupture at this location post–A.D. 1709.

Note: NZA—Rafter Radiocarbon Laboratory; B.P.—before present.

 as doi:10.1130/G33363.1Geology, published online on 29 June 2012



4 www.gsapubs.org | July 2012 | GEOLOGY

determined best models the fault, a 380 km rup-
ture length coupled with a seismogenic depth of 
12 km (Wallace et al., 2007; Beavan et al., 2010) 
is equivalent to a moment magnitude of Mw 8.1 
with uncertainties (based on fault geometry) of 
Mw ± 0.1. Ultimately, the southern termination of 
the 1717 rupture is unknown; however, if por-
tions of the offshore Alpine fault mapped by 
Barnes (2009) south of Milford Sound ruptured 
with the onshore portion, the 1717 earthquake 
was larger than the magnitude calculated here. 
Our analysis suggests that a great earthquake 
occurred on the Alpine fault in A.D. 1717, with 
a long surface rupture (!380 km), displacements 
of as much as 10 m (Berryman et al., 2012), and 
up to Mw 8.2, making this similar to other major 
strike-slip earthquakes (e.g., the A.D. 1906 San 
Andreas, California, earthquake, or the 2001 
Kokoxili, Tibet, earthquake). The absence of any 
signifi cant historical event along the fault, com-
bined with data from the central section show-
ing a great (M8+) earthquake in 1717, serves 
as a reminder that the fault remains the most 
signifi cant seismic hazard on the South Island. 
After the Canterbury earthquakes of 2010–2012, 
incorporating updated Alpine fault paleoseis-
micity data is critical to promote infrastruc-
ture resilience throughout New Zealand during 
future seismic events and great earthquakes.
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