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ABSTRACT 

Regional-scale liquefaction susceptibility assessments have been completed for the Otago region. 

The assessment used an office-based evaluation of existing information, equating to a ‘Level A’ 

basic desktop assessment as per MBIE guidelines for liquefaction-prone land. Information sources 

included geological maps, landform and soil maps, topographic information from maps, lidar 

surveys, aerial and ground photography, geological information from borehole records, and 

measurements of depths to groundwater. A GIS map-dataset of liquefaction-susceptibility was 

compiled. The project methodology utilised geotechnical specialists with expert knowledge from 

site investigations at numerous locations in Otago to review and provide advice on drafts of the 

liquefaction-susceptibility map. 

The map applies a three-fold liquefaction-susceptibility classification. Domain A is underlain by 

rock or firm sediments and liquefaction damage is unlikely. Domain B represents poorly 

consolidated river or stream sediments with a shallow groundwater table; there may be localised 

areas of liquefaction-susceptible materials and liquefaction damage is possible. Domain C is 

underlain by poorly consolidated marine or estuarine sediments with a shallow groundwater table; it 

is moderately to highly likely that at least some areas of liquefaction-susceptible materials are 

present and liquefaction damage is possible. 

By area, more than 95% of the Otago region is classified as Domain A – terrain that has little or no 

liquefaction susceptibility. Domains B and C are ‘liquefaction awareness areas’. They are not 

hazard zones but rather highlight areas where liquefaction is a potential hazard to consider. Land 

classified as domains B or C respectively occupy 3% and 1% by area of the region. 
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1 INTRODUCTION 

Earthquake-induced liquefaction arises from cyclic shaking during an earthquake, whereby poorly 

consolidated, groundwater-saturated, sediments lose strength and stiffness, due to increased groundwater 

pore pressure in the material. Common effects of the liquefaction of near-surface sediments are the expulsion 

of water, sand and silt from the ground, and associated cracking and subsidence of the ground. The closely 

allied phenomenon of lateral spreading involves fissuring and horizontal movement and relaxation of ground 

close to banks, such as the edge of a stream channel or a lake margin. 

Earthquake-induced liquefaction is a potential hazard in parts of New Zealand where susceptible sediments 

are present and development has occurred. The hazardous effects include breakage of foundations, 

differential settlement of buildings, fracturing of pipes and the buoyant rise of light buried structures such as 

tanks. Extensive liquefaction damage occurred in the Christchurch area during the earthquakes of 2010–2011 

(Brackley 2012). Media publicity and readily accessible images have resulted in most New Zealanders now 

having an awareness of the nature and effects of liquefaction. 

In 2014, Otago Regional Council (ORC) contracted GNS Science to provide an assessment of liquefaction 

hazards for the Dunedin City district (Barrell et al. 2014). Subsequently, ORC commissioned a similar 

assessment for the other territorial authority areas in the Otago region (Queenstown Lakes District, Central 

Otago District, Clutha District and Waitaki District (Barrell 2019). A location map is presented in Figure 1. 

This paper describes the approach used for the assessments and summarises the findings. 

2 PURPOSE AND APPROACH 

The primary motivation for commissioning liquefaction-susceptibility assessments for Otago was to enable 

ORC to provide up-to-date advice on liquefaction to the territorial authorities of the region. The previous 

regional-scale assessment for Otago was undertaken in the mid-2000s (Murashev & Davey 2005). 

The empirical observations from the Canterbury earthquake sequence provided many insights into the 

relative importance of the various factors that influence the occurrence of liquefaction in a New Zealand 

setting. Using methods developed for liquefaction hazard evaluation in Canterbury following the 2010–2011 

earthquakes (Brackley 2012), the approach applied in the Otago liquefaction-susceptibility assessments 

differentiates areas underlain by rock or firm sediments that are too strong to experience liquefaction, from 

areas underlain by weak geological materials that may be susceptible to liquefaction if strong shaking were 

to occur. For liquefaction to occur, the materials close to the ground surface need to be poorly consolidated, 

fine-grained (between coarse silt and fine sand) and water-saturated. 

The liquefaction-susceptibility assessments for Otago were office-based evaluations of existing available 

information. These equate to basic desktop assessments as defined in planning and engineering guidelines for 

liquefaction-prone land (MBIE 2017). The information sources used for the Otago work included geological 

maps, landform and soil maps, topographic information from maps, lidar surveys, aerial and ground 

photography, geological information from bore hole records, and measurements of depths to groundwater. 

Using those sources on information, liquefaction-susceptibility maps were compiled in a Geographic 

Information System (GIS) and the GIS datasets accompanied the reports submitted by GNS Science to ORC. 

Although not part of the Dunedin district assessment, a feature of the subsequent work was the subcontracted 

engagement of geotechnical specialists with expert knowledge from site investigations at numerous locations 

in Otago to review and provide advice on draft versions of the liquefaction-susceptibility map.   
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Figure 1: Territorial districts of the Otago region, and the distribution of Quaternary-age sediments from 

the Edbrooke et al. (2014) dataset. Only those areas underlain by Quaternary sediments have any potential 

for liquefaction, and then only if the sediments are of a certain type and groundwater is close to the surface. 
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3 METHODOLOGY 

The liquefaction-susceptibility mapping described here was principally based on geomorphology. The form 

and origin of the ground surface generally reflects the nature of underlying geological materials, whether 

solid rock ranging through to a variety of poorly consolidated or loose sediments. Although records from the 

drilling of water bores, geotechnical probes or excavations provide direct information on subsurface 

materials, each of these points of information may lie a considerable distance apart (Fig. 2). Geomorphologic 

information provides an area-wide, general indication of what lies beneath the near-surface, e.g., down to 10 

m depth, along with insights into the processes such as erosion and deposition that have shaped the land 

surface. The mapping aimed to delineate areas where there is a possibility of liquefaction-susceptible 

materials being present. Areas assessed as having liquefaction susceptibility are also considered to have 

lateral spreading susceptibility in areas close to ‘free-faces’, such as river bank edges or lake shore cliffs. 

The mapping began with a region-wide clip-out of the GNS Science 1:250 000-scale geological database 

(QMAP; Heron 2014). Although highly generalised, the QMAP polygons provide a starting point for 

refinement, using other information sources to delineate more detailed interpreted extents of potentially 

liquefaction-susceptibility ground. The mapping was done directly with a computer using Geographic 

Information System (GIS) software (ArcGIS). Geological map polygons were re-shaped on-screen by cutting 

and re-merging, based on expert interpretation of landform features from various underlying basemap layers 

(e.g., topographic maps, high-resolution aerial orthophotos and, where available, lidar elevation models or 

hillshade relief models). In addition, a digital database of borehole information made available by ORC for 

the work, which provided insights into subsurface materials and depths to groundwater. Of additional benefit 

to the work, especially for areas outside lidar coverage, was archival printed black and white aerial 

photograph sets held by GNS Science for localised areas, generally dating from the period between the late 

1940s and mid-1980s. Erasable pencil interpretations were drawn on photos, which were scanned and 

georeferenced in ArcGIS, to aid the drawing of polygon boundaries. Other valuable resources used to aid 

mapping included Google Street View which provides ground photography along all sealed roads, and 

publicly available reports or maps on topics including geology, geomorphology and groundwater. 

A standard practice in reporting the work was to include an appendix giving a written commentary on the 

bases of interpretation, and reasoning for some classifications, at the various localities across the assessment 

areas, especially in urban areas. 

4 CLASSIFICATION 

In the context of the MBIE (2017) guidelines, the methodology described here equates to a “Level A” basic 

desktop assessment, that is aimed at distinguishing between areas where liquefaction damage is unlikely to 

occur versus areas where liquefaction damage is possible. This approach differs from more comprehensive 

classes of liquefaction evaluation listed in the MBIE (2017) guidelines (Level B – calibrated desktop 

assessment; Level C – detailed area-wide assessment; and Level D – site-specific assessment). These more 

comprehensive classes of liquefaction assessment require detailed information on the geotechnical properties 

of near-surface sediments. To make a firmer assessment of liquefaction risks, it would be necessary to have 

site-specific geotechnical investigation data, from drilling and down-hole testing of the ground. In most of 

Otago, there is insufficient information for more quantitative assessments, as are described in the MBIE 

(2017) guidelines, although some areas do have better data (e.g. Wanaka, Queenstown). 

The mapping does not define hazard zones as such, but rather identifies what are termed ‘liquefaction-

susceptibility domains’, that distinguish between areas where liquefaction damage is unlikely to occur 

(Domain A) versus areas where liquefaction damage is possible (domains B, B1 and C). Collectively, these 

latter three domains are regarded as ‘liquefaction awareness areas’ (Barrell et al. 2014, Barrell 2019). 
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Figure 2: Example of information sources for liquefaction-susceptibility mapping in Central Otago. Most 

bore records are close to larger population centres (qualitatively illustrated by the sizes of blue circles). 

Quaternary sediment distribution is a composite of the Heron (2014) and Edbrooke et al. (2014) datasets. 

By this approach, any type of strong to weak rock geological unit, all Early to Mid-Quaternary-age 

sediments, which are relatively firm, and any areas of Late Quaternary sediments with an estimated 

groundwater table deeper than 5 m, making them firm, were placed in Domain A. This depth criterion aligns 

with the MBIE (2017) guidelines, which identify a groundwater depth of more than 4 to 6 m indicating that 

liquefaction damage is unlikely. The liquefaction-susceptibility domains (see Fig. 3) are defined as follows: 

• Domain A. The ground is predominantly underlain by rock or firm sediments. There is little or no 

likelihood of damaging liquefaction occurring. In MBIE (2017) terms, liquefaction damage is unlikely; 

• Domain B. The ground is predominantly underlain by poorly consolidated river or stream sediments with 

a shallow groundwater table. There is considered to be a low to moderate likelihood of liquefaction-

susceptible materials being present in some parts of the areas classified as Domain B. In MBIE (2017) 

terms, liquefaction damage is possible; 
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• Domain B1. As for Domain B, but there is limited and generally sparse geotechnical evidence for the 

presence of liquefaction-susceptible materials at least in some locations in the subsurface;  

• Domain C. The ground is predominantly underlain by poorly consolidated marine or estuarine sediments 

with a shallow groundwater table. There is considered to be a moderate to high likelihood of 

liquefaction-susceptible materials being present in some parts of the areas classified as Domain C. In 

MBIE (2017) terms, liquefaction damage is possible. 

For domains B and C, the level of information is not sufficient to assign liquefaction vulnerability categories, 

which is a step that requires investigations at Level C or D classes (MBIE 2017). For that reason, both 

domains equate to the ‘liquefaction damage is possible’ category. Nonetheless, it was considered useful to 

distinguish areas that have relatively lesser (domain B) and greater (domain C) probabilities of liquefaction 

susceptible ground being present. 

The reporting emphasized that the liquefaction-susceptibility domains highlight areas where liquefaction is a 

potential hazard that should be considered in future planning and development activities, but that the 

mapping represents generalised inferences and should not be used in isolation for any site-specific purposes. 

 

Figure 3: An example of liquefaction-susceptibility domain mapping in the Owaka area, southeast Otago 

(see Fig. 4 for location). The map key is generic to the dataset and not all units are present on this map. 
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5 RESULTS AND DISCUSSION 

GIS analysis shows that Quaternary sediments underlie 15% of the land area of Otago (Fig. 1). In previous 

liquefaction assessment of Otago, all areas of Quaternary sediment were identified as having possible 

susceptibility. In contrast, the 2014 and 2019 assessments have taken a more targeted approach, by only 

identifying possible liquefaction susceptibility within the younger parts of the Quaternary sedimentary 

sequence, and only then where the depth to the groundwater table is assessed as being shallow than 5 m. 

More than 95% of the Otago region land area is classified as Domain A – terrain that has little or no 

liquefaction susceptibility. Domains B, B1 and C are liquefaction awareness areas. Land classified as 

domains B/B1 or C respectively occupy 3% and 1% by area of the region (Fig. 4). 

 

Figure 4: Overall liquefaction-susceptibility map for the Central Otago, Clutha, Queenstown Lakes and 

Waitaki districts of the Otago region, with the locations of detailed inset maps for population localities, 

provided in the appendix to the Barrell (2019) report. Illustration from Barrell (2019). 
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The results reflect Otago’s geological and geomorphological environment. Range and basin terrain 

developed on hard schist or greywacke basement rock dominates the Otago landscape. During ice-ages, 

Southern Alps glaciers occupied the headwater valleys of northwestern Otago, and lakes Wakatipu, Wanaka 

and Hawea lie in former glacial troughs. Post-glacial river and stream valleys and deltas around these lakes 

are classified as Domain B. In Central Otago, low-gradient stream valley floors are classified as Domain B. 

Near the Otago coast, natural sea level changes have strongly influenced the geomorphology. Glacial low sea 

levels saw the Otago coast shift between 30 and 45 km seaward of where it is today, with extensive fluvial 

plains formed across what is now the continental shelf. The shelf is narrowest offshore from the Clutha and 

Dunedin districts, and lowstand sea level considerably steepened river and stream gradients there, causing 

them to incise. Post-glacial sea level rise drowned those former incised fluvial valleys and is the reason why 

so many estuaries, inlets and harbours indent the Otago coast. The estuarine to shallow marine sediments 

infilling these drowned valleys are classified as Domain C, and are areas regarded as having a greater 

likelihood of liquefaction-susceptibility being present, compared to areas of Domain B farther inland. 

6 CONCLUSIONS 

Liquefaction susceptibility assessments recently completed for Otago are based on office evaluations of 

existing information. Emphasis was placed on geomorphological considerations and assessed depths to 

groundwater to develop a consistent, region-wide, liquefaction-susceptibility map. Post-2014, an amended 

approach included review of draft mapping by geotechnical specialists with local site investigation expertise. 

The liquefaction-susceptibility map differentiates areas underlain by rock or firm sediments where 

liquefaction damage is unlikely (Domain A), areas of poorly consolidated river or stream sediments with a 

shallow groundwater table (Domain B) and areas of poorly consolidated marine or estuarine sediments with 

a shallow groundwater table (Domain C). Collectively, domains B and C are ‘liquefaction awareness areas’, 

where liquefaction damage is considered a possibility. Most of Otago region is classified as Domain A, with 

land classified as domains B or C respectively occupying 3% and 1% by area of the region. 
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