Lincoln
’University

Te Whare Wanaka o Aoraki
CHRISTCHURCH<NEW ZEALAND

Lincoln University Digital Thesis

Copyright Statement
The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand).

This thesis may be consulted by you, provided you comply with the provisions of the Act
and the following conditions of use:

« you will use the copy only for the purposes of research or private study

« you will recognise the author's right to be identified as the author of the thesis and
due acknowledgement will be made to the author where appropriate

« you will obtain the author's permission before publishing any material from the
thesis.



Lessons learned from liquefaction of the
Canterbury Earthquake Sequence (2010-
2011) to inform paleoliquefaction studies

A thesis
submitted in partial fulfilment
of the requirements for the Degree of

Doctor of Philosophy

at
Lincoln University
by
Monica Giona Bucci
Lincoln University

2017



Abstract

Abstract of a thesis submitted in partial fulfilment of the requirements for the
Degree PhD

Lessons learned from liquefaction of the
Canterbury Earthquake Sequence (2010-
2011) to inform paleoliquefaction studies

By

Monica Giona Bucci

Abstract
Liquefaction affects late Holocene, loose packed and water saturated sediment subjected to cyclical

shear stress. Liquefaction features in the geological record are important off-fault markers that inform
about the occurrence of moderate to large earthquakes (> 5 Mw). The study of contemporary
liguefaction features provides a better understanding of where to find past (paleo) liquefaction
features, which, if identified and dated, can provide information on the occurrence, magnitude and

timing of past earthquakes. This is particularly important in areas with blind active faults.

The extensive liquefaction caused by the 2010-2011 Canterbury Earthquake Sequence (CES) gave the
geoscience community the opportunity to study the liquefaction process in different settings (alluvial,
coastal and estuarine), investigating different aspects (e.g. geospatial correlation with landforms,
thresholds for peak ground acceleration, resilience of infrastructures), and to collect a wealth

geospatial dataset in the broad region of the Canterbury Plains.

The research presented in this dissertation examines the sedimentary architecture of two
environments, the alluvial and coastal settings, affected by liquefaction during the CES. The novel aim
of this study is to investigate how landform and subsurface sedimentary architecture influence
liguefaction and its surface manifestation, to provide knowledge for locating studies of

paleoliquefaction in future.
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Two study cases documented in the alluvial setting showed that liquefaction features affected a
crevasse splay and point bar ridges. However, the liquefaction source layer was linked to paleochannel
floor deposits below the crevasse splay in the first case, and to the point bar deposits themselves in

the second case.

This research documents liquefaction features in the coastal dune system of the Canterbury Plains in
detail for the first time. In the coastal dune setting the liquefiable layer is near the surface. The pore
water pressure is vented easily because the coastal dune soil profile is entirely composed of non-
cohesive, very well sorted sandy sediment that weakly resists disturbance from fluidised sediment
under pressure. As a consequence, the liquefied flow does not need to find a specific crack through
which the sediment is vented at the surface; instead, the liquefied sand finds many closely spaced
conduits to vent its excess of pore water pressure. Therefore, in the coastal dune setting it is rare to
observe discrete dikes (as they are defined in the alluvial setting), instead A horizon delamination
(splitting) and blistering (near surface sills) are more common. The differences in styles of surface
venting lead to contrasts in patterns of ejecta in the two environments. Whereas the alluvial
environment is characterised by coalesced sand blows forming lineations, the coastal dune
environment hosts apparently randomly distributed isolated sand blows often associated with

collapse features.

Amongst the techniques tested for the first time to investigate liquefaction features are: 3D GPR,
which improved the accuracy of the trenching even six years after the liquefaction events; thin section
analysis to investigate sediment fabric, which helped to discriminate liquefied sediment from its host
sediment, and modern from paleoliquefaction features; a Random Forest classification based on the
CES liguefaction map, which was used to test relationships between surface manifestation of
liguefaction and topographic parameters. The results from this research will be used to target new
study sites for future paleoliquefaction research and thus will improve the earthquake hazard

assessment across New Zealand.
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Introduction

INTRODUCTION

Thesis Background
The 2010-2011 Canterbury earthquake sequence (CES) produced unprecedented extensive

liguefaction throughout the Canterbury Plains. The sequence began with the Mw 7.1 Darfield
earthquake on 4 September 2010. This event was caused by an unknown, blind fault near Darfield
(Figure i), with a hypocentre located at depth 10 km. During the 2010 event the fault ruptured the
surface along several faults including the Greendale fault (Basher et al., 2011; Quigley et al., 2012; Van
Dissen et al.,, 2011). The sequence continued in a series of main shocks with their respective
aftershocks through 2010 and early 2011 (Bannister and Gledhill, 2012). The only fatal one, the Mw
6.2 Christchurch main shock of 22 February 2011 (Kaiser et al., 2012) caused 185 fatalities and an

estimated economic damage of 15-20 billion NZD (Berryman, 2012).

Quaternary Tertiary Earthquake epicentres  Faults
[ |Modembeach [ Y& M7.15ep42010 Active fault
‘:] Alluvium — — Sub-surface fault rupture
. M 6.3 Feb 22 2011 p
B oures Mesozoic * e
) Y M6.3Jun 132011
Loess
¢ M58Dec23 201
- Gravel

Figure i Location of the main earthquakes caused by the CES on the Canterbury Plains and geology of the Plains with the map
of the main faults (from GNS Science Wellington).

None of the historical earthquakes (Fairless and Berrill, 1984) caused as wide spread and recurrent
liguefaction in the wider Christchurch city area as the 2010-11 earthquakes. The greater impact during
the CES was likely due to their proximity to areas of high liquefaction susceptibility. The September

2010 event was 40 km west of Christchurch (Bannister and Gledhill, 2012; Villamor et al., 2012).

1
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Liquefaction from this event affected residential houses near waterways or streams, wetlands
throughout the Christchurch city and the town of Kaiapoi (Cubrinovski et al., 2011a; 2010; 2011b;
Orense et al., 2011). The 22 February 2011 event was directly under the city (Figure i) and caused
extensive liquefaction and damaging landslides and rock falls in the hills (Bannister and Gledhill,
2012). Numerous large shocks and aftershock (Mw 5.5) produced localized liquefaction (e.g Quigley
et al., 2013). The 13 June 2011 caused liquefaction and damage in the eastern suburbs, followed by
further events of Mw 5.8 and Mw 5.9 offshore from Christchurch in December (Barnes et al., 2011),
increasing the damage in the Canterbury region (Berryman, 2012). The most recent earthquake
causing liquefaction in the Canterbury Plains prior to the time of submission of this thesis occurred on

the 14" of February 2016 (Giona Bucci et al., 2017; Kaiser et al., 2016).

The extensive liquefaction caused by the CES provided the New Zealand and international geoscience
community with a unique and valuable set of data to study new aspects of the liquefaction process,
new environments affected by liquefaction, and to test new techniques for liquefaction investigations.
For example, after the major liquefaction events aerial photography and LIDAR surveys (light detection
and ranging) were flown in response to the earthquakes with the aim of producing detailed mapping
of the liquefaction surface manifestation (for a compendium of the liquefaction mapping the reader

can refer to Brackley et al., 2012; Townsend et al., 2016).

The first studies in response to the initial investigation of the liquefaction features illustrated the broad
association between surface manifestation of liquefaction and geomorphic environments (Almond et
al., 2012; Villamor et al., 2016; 2014; Wotherspoon et al., 2012). Also, liquefaction caused by the CES
helped scientists in investigating the PGA thresholds for liquefaction surface manifestation in New
Zealand (Bastin et al., 2015; Quigley et al., 2013), and in comparison to other worldwide liquefaction

events (Tuttle et al., 2017 ).

This thesis complements the studies mentioned above by investigating the surface manifestation of

liquefaction and the detailed sedimentary architecture of those settings more susceptible to
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liquefaction in the Canterbury Plains, with the aim of understanding important characteristics such as
source layer and/ or the higher susceptibility of certain sedimentary environments, or geomorphic
elements within specific environments, to liquefaction. In order to do this, the stratigraphy of trenches
excavated in the alluvial setting during a preliminary liquefaction investigation (documented by
Villamor et al., 2016; 2014) is analysed in detail; the potential source layer of the liquefaction features
is outlined and the characteristics of the sedimentary environment that experienced liquefaction are
described by using pedological, geological and geotechnical tools. A detailed analysis of liquefaction
features in the coastal setting of Christchurch and its corresponding sedimentary architecture is

described and discussed for the first time in this thesis.

Amongst the techniques used for the first time to study liquefaction this thesis reports: i) an
application of the 3D GPR to better target subsurface anomalies after 6 years from the earthquakes;
ii) a microfabric analysis of the sediment that have liquefied in order to understand the effects of the
liqguefaction process also at the microscale; iii) and application of machine learning techniques, in
particular a Random Forest classification as a pioneer tool for predicting surface manifestation of

liguefaction in areas that may have been or may be affected by liquefaction.

The description of the features triggered in the coastal system by the serendipitous Valentine’s Day
Earthquake is also part of this thesis. The latter event occurred during a liquefaction field campaign to
study the legacy of the 2010-2011 liquefaction features in the coastal setting of Christchurch and
caused new liquefaction at our trenches. This event improved the understanding of some peculiar
features recorded in the stratigraphy of the coastal setting of Christchurch.

Research aim

This thesis investigates the detailed sedimentary architecture of those settings especially prone to
liguefaction and subject to the formation of liquefaction features during the 2010-2011 CES. It aims

to contribute to the understanding of the liquefaction susceptibility of specific sediment types or
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environments of deposition and the geomorphic setting where liquefaction features formed, in order

to better predict where paleoliquefaction features might be found.

The research objectives are:

e Objective 1: Understanding correlations between soils and landforms of the Canterbury Plains
and the 2010-11 CES liquefaction distribution to identify the range of geomorphic settings
affected by liquefaction in the Plains. The outcome of this objective will be the selection of
study sites for further detailed analysis.

e Objective 2: Characterization of subsurface sedimentary architecture and sediment
characteristics at micro and macro scale at selected sites to gain better understanding of
liguefaction susceptibility of different sediment types, to identify the deposits that liquefied,
and evaluate factors that influenced the formation of sand dikes and blows at specific
locations. An outcome of this objective will be cross sections showing the sedimentary
architecture of the study sites in alluvial and coastal environments and the spatial correlation
with the surface manifestation of liquefaction, along with a characterization of the source

layer.

o Objective 3: Make use of the liquefaction analysis in the selected setting of the Canterbury
Plains to develop a model based on microtopographic parameters of the occurrence of surface
manifestation of liquefaction. The outcome will be a Random Forest classification of
microtopograhic parameters to select new study sites for paleoliquefaction studies in other
areas of New Zealand not recently affected by liquefaction. This quantitative classification will
further support the more qualitative results gained from our analysis in response to Objective

1and?2.

The complete study will aid in better discriminating the liquefaction susceptibility and earthquake
hazard not only in the Canterbury region but all across New Zealand, improving the liquefaction

susceptibility maps.
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Thesis structure
This thesis is organized as a cumulative thesis, where each chapter is self-standing. After a discussion
of the major literature review on the liquefaction in Chapter 1, Chapter 2 shows a geospatial analysis
of the liquefaction surface manifestation during the major earthquakes of the 2010 and 2011
Canterbury Earthquake Sequence and their association with landforms and soils of the Canterbury
Plains. Based on this preliminary geospatial correlation the study sites for new liquefaction

investigation were selected.

A detailed pattern analysis of liquefaction surface ejection in an alluvial setting was studied in Chapter
3, with the aim of describing the detailed sedimentary architecture and sediment characteristics of a
floodplain affected by liquefaction in the Canterbury Plains, and any correlation with liquefaction
surface manifestation that occurred during the CES. Chapter 3 describes also the specific geomorphic
features of the alluvial setting that are more prone to experience surface manifestation of
liguefaction. The potential liquefaction source layer is outlined through visual inspection of cores and
grain size analysis. This section is a follow-on of a pioneer and detailed liquefaction study lead by the
supervisors of this PhD Thesis and documented in Villamor et al., (2016; 2014). A poster from the
preliminary results of this chapter has been presented to the New Zealand Geoscience Conference
2015 (Detailed pattern analysis of liquefaction surface ejection in an alluvial setting: lessons from the

Canterbury earthquake sequence).

A similar study to Chapter 3 but in the coastal environment is illustrated in Chapters 4 and 5. Chapter
4isin the form of a short descriptive paper of the liquefaction event triggered by the latest Valentine’s
earthquake event (14 of February 2016), accepted for publications in the Terra Nova Journal. In this
paper there is a detailed documentation of some unique liquefaction features characterizing the
coastal setting and their genetic process. Chapter 5 describes the liquefaction features investigated
for the first time in the coastal setting of the Canterbury Plains during two field campaigns (summers

2015 and 2016). Chapter 5 highlights the sedimentary architecture of a coastal setting susceptible to
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liguefaction and which elements of the sedimentary architecture of the coastal sediment are more

prone to liquefy.

While Chapters 3 and 5 describe the settings (alluvial and coastal) more prone to liquefaction at a
macro scale, Chapter 6 documents the fabric of alluvial and coastal sediment affected by liquefaction
at a microscale. The focus of this chapter is to use the sediment fabric to distinguish between modern
and paleoliquefaction and to understand whether there are any differences between the liquefaction
features in the different settings selected. An outline of the main findings from this chapter was

presented at the New Zealand Geoscience Conference 2015, in Wellington.

The last chapter of this thesis (Chapter 7) explores a potential correlation between the
microtopographic patterns associated with liquefaction surface manifestation derived from the
alluvial setting analysed in Chapter 3, by using a Random Forest technique. The outcome of the
Random Forest algorithm is a geospatial classification that can be applied into a new area (Manawatu
Catchment- North Island of New Zealand), in order to target sites for paleoliquefaction investigation,
based also on microtopographic patterns. However, the Random Forest analysis proposed is only a
preliminary classification and it needs to be improved prior to being used for liquefaction susceptibility

maps.

The conclusion chapter summarizes the main findings from this thesis, highlighting what are the main
differences in terms of liquefaction susceptibility for the two studied environments (alluvial and

coastal), and of sedimentary architectures explored in this dissertation.



Chapter 1

Chapter 1
LITERATURE REVIEW

This literature review presents an overview of the liquefaction process to provide a basic
understanding of the stresses acting in the soil and causing liquefaction. Factors influencing the
liquefaction susceptibility of sediment are discussed, including sediment fabric, depth of water table,
and proximity to fault. In addition, the sediment types historically most affected by liquefaction are
described. Geotechnical methods most commonly used to assess the liquefaction potential of soils are
alsoexplored and a brief summary of empirical relations between liquefaction and earthquake
magnitude is presented. Finally, an overview is provided of the main 2010-2012 liquefaction events
together with a summary of the historical earthquakes near Christchurch and throughout New
Zealand.

1.1 LIQUEFACTION MECHANISMS

This section explains the stresses acting within a soil and those causing the liquefaction process.

1.1.1 Total stress and effective stress

Soil layers are naturally under stress conditions. The main stresses that act on a soil layer at a specific
depth are the weight of the column of soil above it (total stress) and the weight of the water column
at that depth (pore water pressure) . The intergranular stress is known in soil mechanics as effective
stress and it is the stress acting at the particle-particle contact. The effective stress is the subtraction
of the porewater pressure (or neutral stress) from the total stress that acts in every directions with

equal intensity (Terzaghi et al., 1996) (Equation 1.1).
0O =0 —u Equation 1.1
Where o is the total stress, u is the porewater pressure, ¢’ is the effective stress.

1.1.2 Stress-strain relationship in the soil
Stress and strain (soil deformation) do not exist independently in materials, but they are linked by an

elastic relationship, described by the stress- strain curve. If the soil specimen experiences a big

increase in shear stress, it can reach a point where the shear stress does not increase with increasing
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strain. This point is the peak of stress after which the shear stress decreases substantially with larger
strain . The last value of shear stress is called the ultimate strength and it represents the minimum
shear stress value that the soil specimen can carry under unlimited strain (Terzaghi et al., 1996) . At
this stage the particles have been ejected at the surface, and soil particles are coming in contact again

and starting to form new intergranular contact to build the new effective stress.

peak of stress (a)
da; -
shear stress
i
de,
0 Y
Stram
(b)

Figure 1. 1 Stress-strain curve for soil, illustrating peak and ultimate strengths modified from (Terzaghi et al., 1996)

The stress-strain curve explains the soil failure mechanism of the liquefaction process. Terzaghi (1996)
defined the rapid rate of increase in pore water pressure, great loss of strength (effective stress) and
large strains developed under undrained conditions as “liquefaction failure mechanism”. Several
triaxial experiments have been carried out to investigate the failure mechanism of the liquefaction
process. For example Castro (1969) demonstrated that the liquefaction behaviour occurs in undrained
and loose sediment experiencing a contractive behaviour, in other words at a large and sudden
increase of porewater pressure the sediment experiences a great loss of strength (effective stress)
and a big increase of strain. For further details on the failure mechanism the reader can refer to Mohr’s

rupture diagram , and to Coulomb’s equation fully explained in Terzaghi (1996).

1.1.3 Liquefaction Behaviour
Earthquakes triggering liquefaction result in a different mechanism from the monotonic process above

explained. Due to the cyclic shear stress occurring during the earthquake, liquefaction can occur also

at shear stress values smaller than those in a monotonic condition (Fig 1.1) but larger than those in a
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drained condition (no increase in pore water pressure). Figure 1.2 shows what happens during a cyclic

shear stress caused by an earthquake.

‘ sy (Yield)monotonic
Su(Yield)eyelic i

-

Shear Stress

___ultimate strength
steady state} su(Critical)

Shear Strain

Figure 1. 2 Definition of undrained shear strength at yield and at critical condition. The figure shows the comparison
between the monotonic and the cyclic stress that is for instance what happens during the earthquake shaking, modified
from Terzaghi et al., 1996.

The cyclic shear stress causes different peaks. At the end of a certain number of peaks the sudden
drop in shear stress with large strain causes the ultimate strength or liquefaction failure mechanism.
For further details on the liquefaction behaviour the reader can refer to Castro (1969) and Casagrande

(1975).

Liquefaction of sand induced by a cyclic shear stress is the most common type of behaviour. However
there are other similar processes like cyclic mobility, cyclic softening or flow liquefaction (Figures 1,2
and 3 in Robertson and Wride, 1998; and Figure 1.3 in Tuttle et al., 2017). During the cyclic mobility
process sand or gravel with a fines content <50% accumulate small deformation but the soil strength
is not significantly reduced. Cyclic softening is a process that occur in clays and silts with a fines content
>50%, causing significant deformations. Flow liquefaction occurs in sand and gravel with fines content

<50% under monotonic load conditions (e.g. slope) and can cause small or large deformation.

The build-up of pore water pressure is due to cyclic shear stresses caused by the earthquake ground
motions. Seed and Idriss (1982) found that the amplitude of the cyclic shear stresses and the number

of cycles of shearing contribute to liquefaction. The number of cycles depends on the earthquake
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magnitude. The default or reference magnitude value for liquefaction analysis in the U.S. is M.7.5,
which is responsible of 15 cycles of uniform stress (Boulanger and Idriss, 2014; Idriss and Boulanger,
2004; Youd, 2001).

1.2 SUSCEPTIBILITY TO LIQUEFACTION

Unconsolidated sediment that is loosely, has a high void ratio, is in undrained conditions (water

saturated) and occurs within moderate to high seismicity areas is highly susceptible to liquefaction.

1.2.1 Packing of the sediment
The packing of sediment can be expressed in different ways. A broadly used parameter is the relative

density (Dr) which compares the void ratio e of the given soil with that of the same soil in its loosest

eminand densest emqx possible states (Equation 1.2) (Terzaghi et al., 1996).

e max-e

Dr = Equation 1.2

emax—emin

The packing (microstructure) of the sediment is studied by using the micromorphology technique
(Bullock et al., 1985; Stoops, 1998). In this dissertation the micromorphology technique is used for the
first time to study the fabric of liquefaction features, paleoliquefaction features, and undisturbed soil

samples. The technique is described in Chapter 6.

1.2.2 Grain size and liquefiable sediment
Grain-size analysis provides a tool to investigate the susceptibility of sediment to liquefaction. In

particular, the cumulative frequency curves of the grain size analysis of sediment hosting liquefaction
layers and of sediment experiencing liquefaction can be compared with the cumulative curves issued
by Tsuchida’s (1970). Tsuchida’s (1970) study outlined the boundary for “most liquefiable soils” and

“potentially liquefiable soils” (Figure 1.3).
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Figure 1. 3 Tsuchida’s 1970 liquefaction soil boundaries cumulative curves.
Therefore, performing grain-size analysis and plotting the cumulative curves of sediment sampled at
a site allows an investigator to assess their liquefaction susceptibility as well as to study characteristics

of the sediment (e.g., sorting, fines content), and to infer the depositional setting, of the sediment.

1.2.3 Water Table
Ground shaking of water saturated sediment is responsible for the increase of pore water pressure

during an earthquake. Several studies investigated the influence of depth to water table on
earthquake-related liquefaction (Cox et al., 2012; Wang, 2007; 2010). The shallow water table for
sediment susceptible to liquefaction is a critical factor also for liquefaction occurrence in the
intermediate and far field from the earthquake epicentre. The current published research by Wang
and Manga (2010) reports that the earthquake shaking facilitates the opening of cracks and thus some
fluid passage. This results in hydrologic responses such as surface manifestation of liquefaction and

changes in springs flow even far from the earthquake source.

This hypothesis is also assessed by Cox et al., (2012) analysing the Mw 7.1. Darfield earthquake

hydrogeological effects. Cox, et al., (2012) documented how the earthquake increased the piezometric

11
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levels in the unconfined and semiconfined aquifer in proximity of the earthquake epicentre (Darfield-
Greendale Fault). The liquefaction in the far field (e.g. Christchurch City and Kaiapoi, 20 km north of
Christchurch) and emergence of springs results from the diffusion of the artesian pressure from the
intermediate to the shallow water table through fissured confined layers (Cox et al., 2012). This
transmission process may help facilitate the liquefaction and spring manifestation in those areas in

which there was not awareness of liquefaction hazard.

1.2.4 Cone penetration test
The Cone Penetration Test (CPT) measures the resitance to penetration of subsurface sediment and

from these measurements sediment types and stratigraphy are interpreted. The CPT is often preferred
to the earlier Standard Penetration Test (SPT) as it provides a nearly continuous record of sediment

properties, such as tip resistance, used to assess the liquefaction resistance of soil.

Following the disastrous 1964 Mw 9.2 Alaska and 1964 Mw 7.6 Niigata (Japan) earthquake which
caused extensive liquefaction and induced extraordinary ground failure, the liquefaction process
gained the interest of the geotechnical and engineering communities. A simplified procedure for
liguefaction hazard assessment was developed utilising the Cyclic Stress Ratio (CSR) and the Cyclic
Resistance Ratio (CRR) (Idriss and Boulanger, 2006; 2008; Seed, 1979; Seed and Idriss, 1982; Seed and
Peacock, 1971; Youd, 2001; Youd and Idriss, 1997). The Cyclic Stress Ratio (CSR) is interpreted as the
seismic demand on a soil layer (Equation 1.3) while the Cyclic Resistance Ratio (CRR) identifies the soil
capacity to resist liquefaction (Equation 1.4). The CRR can be determined by CPT data (Robertson,

1990).

(3) CSR = (Tav/0’ v6)=0.65 (2 max/8)(0 vo/ O’vo)rd Equation 1.3

Where amax is the peak ground acceleration, at the ground surface generated by the earthquake, g is
the acceleration of gravity, o', and g\, are effective and total vertical stress, rq is the stress reduction
coefficient (Youd, 2001).

If (gcin)es <50 CRR 75 = 0.833[((gc1n)es/1000] + 0.05
If 50 < (qen)es< 160 CRR 7.5 = 93[((gcin)es/1000]° + 0.08 Equation 1.4

Where qqn is the tip resistance

12
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Figure 1. 4 Curve recommended for calculation of CRR from CPT data along with empirical liquefaction data from Youd
(2001).

The chart in Figure 1.4 was developed by different CPT data collected including tests from Stark and
Olson (1995), Suzuki (1995), Youd (2001). Figure 1.4 shows that the CRR is plotted in function of the
corrected and normalized CPT resistance qcn (Youd, 2001) collected from sites were liquefaction
surface manifestation was and was not observed. However, this chart is only valid for clean sand and

for earthquake magnitude of 7.5.

Magnitude Scaling Factors (MSF) (Seed and Idriss, 1982) are applied in order to adjust the chart in
Figure 1.4 to liquefaction susceptibility assessment triggered by earthquake magnitudes other than
M7.5. The MSF are used to correct CSR for different earthquake magnitudes, and they are also
important to compute the Factor of Safety (FS). The Factor of Safety is a ratio between CSR and CRR

(Equation 1.5).

FS= (CRR7,5/CSR)*MSF Equation 1.5

When the FS is larger than 1 liquefaction is likely to occur; in contrast, when FS is less than 1

liguefaction is not likely to happen (Equation 1.5). For a complete review of the MSF see Youd (2001),
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and Idriss and Boulanger (2006). The Factor of Safety computation is shown in the Appendix A1, in

Chapter 3 of this thesis. For further correction factors useful in engineering practise see Youd (2001).

In conclusion, understanding of the soil mechanical properties through the CPT tests coupled with the
magnitude of the earthquake event is critical in order to assess the liquefaction potential at a study

site.

The CPT data can also be used to derive a preliminary estimation of the soil layer type. Robertson
(1990, 2004) interpreted the soil type by using the CPT friction ratio (sleeve resistance fs normalized
at the cone tip resistance q. ), and the normalized cone resistance. This relationship is shown in

Equation 1.6.

Ic = [(347 —10gQ)? + (1.22 +log F) ?] *° Equation 1.6

Where Q = [(qc — 0vo)/Pal/[(Pa/ 6'vo)"]
F= [fs/(QC - Gvo)] x 100%

dc is the field cone penetration resistance and is dimensionless,

P.=1 atm

Ovo= total vertical stress

o’wis the effective vertical overburden stress

n=1.0 value for clay soil; 0.5 for sandy soils; 0.5sn<1 for silts and sandy silty soils

The friction ratio increases with increasing fine content of the soil, which is responsible for the soil
plasticity. From the relationship expressed in Figure 1.6, Robertson derived the index Ic also known as
soil behaviour type index which corresponds to the radius of an imaginary circle displayed in Figure

1.5, and calculated in Equation 1.6.

The resulting soil chart is not as detailed as a soil type description based on pedological characteristics
but it provides a guide to the Soil Behaviour Type (SBT, Robertson, 1990, 2004). For details on the
empirical calculation of the Soil Behaviour Type index the reader can refer to Youd (2001) and

Robertson (1990, 2004).
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Figure 1. 5 CPT based soil behaviour type chart proposed by Robertson (1990) in which each concentric circle represents a
different soil type described in the legend. This concentric area can be used to compute the different behaviour of soil on the
CSR (Granted Permission for reuse from the Canadian Geotechnical Journal).

1.2.5 Seismic Cone penetration test
In the Seismic Cone Penetration Test (sCPT), a small velocity seismometer incorporated into the

electronic cone penetrometer provides a combination of information for determining strength and

shear modulus as well as the stratigraphy at the study site (Robertson et al., 1986).

A shear wave is generated at the surface and the geophone in the borehole measures the time for the
shear wave to travel the known distance from the surface to the geophone in the borehole (Figure
1.6). The second geophone, set up vertically 1 m from the first one (in the cone penetrometer) is used
to assess the variability of the arrival timel. The elastic theory relates the shear modulus G, soil density

and shear wave velocity (Equation 1.7).

1 The arrival time is defined in seismology as the length of time between the generation of the wave and it’s
arrival at the point of measurement .
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G=pV;? Equation 1.7

where G is the shear modulus, p is the soil density and V;is the shear wave velocity

The Seismic Cone Penetration Test allows scientists to apply the Elastic Theory and define the shear
modulus, knowing the shear wave modulus Vs from field measurements Equation 1.7. The shear
modulus can be used to calculate the cyclic stress ratio (CSR), as proposed by Andrus and Stokoe
(2000). Advantages to using the shear velocity (Vs) to calculate the CSR (Youd, 2001) are as follows: 1)
Vs measurements are possible in gravelly soil where CPT or SPT cannot be undertaken; 2) basic soil
mechanical properties are related to shear modulus; and 3) the shear modulus is a parameter

estimating dynamic soil responses and soil structure interactions.

However, there are drawbacks to using the Vs for liquefaction resistance evaluation (Youd, 2001): 1)
Seismic wave velocity measurements occur at small strain, whereas the pore water pressure build- up
of the liquefaction process causes large strains; 2) if the measurement interval is large it will not be
possible to detect low Vs; 3) there is no classification of soil derived from Vs . As a consequence, it is
important to conduct geological drilling or geophysical surveys of the study site prior to the Vs
measurements in order to know the location of clay lenses that can yield a Vs value very small. Also,
it is critical to interpret Vs and G parameters in light of a geomorphic and sedimentary analysis. By
employing both geotechnical and geological methods, it is possible to more accurately identify
stratigraphic units and their properties and to better understand the mechanical characteristics of

sediment prone to liquefaction.
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Figure 1. 6 Seismic Cone Penetration test and how it works (Robertson et al., 1986).

1.2.6 Sediment prone to liquefy
The liquefaction susceptibility of different environments of deposition has been addressed by many

studies in the geotechnical literature (Bastin et al., 2015; 2016; Bray et al., 2014; Cubrinovski et al.,
2011a; Holzer et al., 2010; Papathanassiou et al., 2005; Pirrotta et al., 2007; van Ballegooy et al., 2014;
Youd and Hoose, 1977; Youd and Perkins, 1978). These studies highlighted that liquefaction is limited
to specific geologic settings, and susceptibility is also conditioned by sediment age, as a result of the
aging process. By reviewing several studies of historic earthquakes, Youd and Hoose (1977) identified

the following geologic settings prone to liquefaction, ordered from the most susceptible to the least

susceptible:
1) fluvial
2) deltaic

3) colluvial and aeolian
4) alluvial fan and alluvial plain, beach and terrace

Likewise, Youd and Perkins (1978) ranked different types of deposits (continental, coastal and artificial)
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according to their liquefaction susceptibility, determining the likelihood of liquefaction as a function
of geology and age. Later, Holzer (2010) led a study on liquefaction probability for different types of
surficial geologic units across the eastern and southern United States. The units consisted of alluvial
fan, beach ridge, river delta, aeolian dune, point bar, flood basin, natural river and alluvial fan levees,
abandoned river channel, lake and lagoonal deposits, and sandy artificial fill. The liquefaction
probability was inferred from the Liquefaction Potential Index (LPl) measured through cone
penetration (CPT) tests and scaled for earthquake magnitude (MSF) and seismic demand (PGA, peak
ground acceleration, see next section). The liquefaction potential index was formerly proposed by
Iwasaki et al., (1978). This index estimates the liquefaction probability surface manifestation as a
function of the Factor of Safety (indirect measure of the Cone penetration test, see section 1.2.4) and
the depth of the potentially liquefiable layer.

Holzer’s (2010) study showed that point bars and aeolian sediment were the most susceptible to
liguefaction. There was no consistent variation of liquefaction probability amongst Holocene point bar
deposits of different age, at a time scale less than 10,000 years. These conclusions were consistent
with other studies addressing the effects of aging, such as Andrus (2009), Hayati (2008) and Youd and
Perkins (1978). Youd and Perkins (1978), for instance, presented qualitative estimates of liquefaction
susceptibility of soils based on field observation. They concluded that liquefaction susceptibility is
high for sediment younger than 500 years; high to moderate for Holocene sediment aged <10,000
years; and very low or non-existent for Pleistocene age sediment. Then, Hayati (2008) analysed the
aging effect in order to improve the accurateness of the parameter for the simplified procedure for
liguefaction potential evaluation (Seed and Idriss, 1971). The geotechnical studies reviewed by Hayati
(2008) (e.g. Arango et al., 2000; 1996; Lewis et al., 1999; 2004; Robertson et al., 2000; Seed, 1979)
were summarized in a regression line representing the relationship between sediment strength gain
versus time. This relationship showed that liquefaction resistance increased by a factor of 0.17 on a

10 log based scale of cycle of time (as showed in Figure 1.7).
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Figure 1. 7 Regression line between strength gain factor (to liquefaction susceptibility) and time by Hayati (2008)

In conclusion, as demonstrated by modern and historical cases of earthquake-induced liquefaction,

Holocene aged sediment types are the most likely to liquefy.

1.2.7 Proximity to a fault system and most distal occurrence of liquefaction
Empirical relations on the distance from the earthquake epicentre to the most distal liquefaction

features (sand blows) are used in paleoseismology studies in order to estimate the magnitude of
paleoearthquakes. Empirical relations were developed using data from modern and historical cases of
earthquake-induced liquefaction where the locations and the magnitudes of the earthquakes have
been ascertained (Ambraseys, 1988; Papadopoulos and Lefkopoulos, 1993). Some studies on the
empirical relations have found that the type of fault (Castilla and Audermard, 2007) or the directivity
of the seismic energy (Obermeier, 1996; Tuttle et al., 2002b) can influence the size and the presence
of liquefaction features at distance. Tuttle et al (2017 ) recommend that during reconnaissance
surveys only sand blows have to be taken into account for the most distal “surface manifestation of
liguefaction” rather than sand dikes. The latter can be formed more easily than the sand blow, and
this will cause an over estimation of the paleoearthquake magnitude (Tuttle et al., 2017). The

reconnaissance of the most distal sand blow is very often challenging and in most cases it will only be

found in areas highly susceptible to liquefaction.

The paleoearthquake magnitude determined from the empirical relations are considered minimum

values of the paleoearthquakes since the earthquake epicentre is not known and so the epicentral
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distance to the farthest sand blow is likely to be poorly constrained (Castilla and Audermard, 2007;
Tuttle et al., 2017). Therefore, seismologists prefer to use the ‘energy centre’ rather than the epicentre
or hypocentre distances for paleoearthquakes, as it is not possible to determine an instrumental
epicentre for paleoearthquakes. The distance of the “energy centre” is defined as the centroid of the
region that experienced the strongest ground shaking based on regional measurements of liquefaction

features size or on back-calculated strength of shaking (Olson et al., 2005a).

Many studies have aimed to reduce uncertainties in the magnitude estimates of paleoearthquakes by
performing regional calibration of the magnitude distance relation (Obermeier et al., 2002; Olson et
al., 2005a; 2005b). In particular, Olson (2005b) introduced the region-specific-magnitude-bound curve
to account for the regional setting and its influence on the liquefaction manifestation. The
accurateness of the region-specific magnitude bound curve on predicting earthquake magnitude was
also tested by Green (2013) against the site specific geotechnical method (Idriss and Boulanger, 2006;
Youd, 2001) using the last Canterbury Earthquake Sequence as a study case. Green’s (2013) research
assessed the back-calculated earthquake magnitude in two scenarios: known and unknown
earthquake source location. This experiment brought to light that the magnitude-bound approach
performs well when the earthquake source is known. In contrast, when the latter is unknown the
magnitude-bound relations do not result in an accurate location of the earthquake epicentre and this
was particularly true for the case of the liquefaction caused by the Darfield earthquake where the area
most susceptible to liquefy was far from the earthquake epicentre. Therefore, it is valuable to take
into account local conditions of liquefaction susceptibility for a better understanding of the

paleoearthquake source, avoiding misinterpretation about the paleoearthquake magnitude.

The liquefaction caused by the last Canterbury Earthquake Sequence contributed to the databases
used to develop empirical relations between earthquake magnitude and farthest distance from the
epicentre of surface manifestation of liquefaction (Tuttle et al., 2017 ). Tuttle et al (2017 ) found that

the CES earthquakes induced liquefaction at similar epicentral distances of earthquake of similar
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magnitudes. The CES earthquakes plotted above and very close to the lower bound curve of the
magnitude epicentral distance produced by Castilla and Audemard (2007) (Figure 1.8, from Tuttle et

al 2017, in prep).
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Figure 1. 8 The M 7.1 Darfield and M 6.2 Christchurch earthquakes, as well as other instrumentally recorded earthquakes that
induced liquefaction, plot above the lower-bound relation between moment magnitude and epicentral distance to farthest
known sand blows (after Castilla and Audemard, 2007, from Tuttle et al., 2017).

This type of analysis will benefit future paleoliquefaction investigations in the Canterbury Plains and

through other regions of New Zealand.
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1.3 SEDIMENT TYPES AND GEOMORPHIC FEATURES SUSCEPTIBLE TO
LIQUEFACTION

In this section the fluvial and coastal dunes environments will be described in detail as they are

amongst the most affected environments by liquefaction and also relevent to this research.

1.3.1 Fluvial environment
Within the fluvial environment, the geomorphic features and sediment types most affected by

liguefaction are point bars, (paleo)channels and crevasse splays.

Point bar and channel are typical deposits of meander rivers (Allen, 1985; Ricci-Lucchi, 1980). Point
bar deposits represent the result of a meandering river lateral migration. Point bar deposits are
composed of ridges (also called scroll bars) and depressions (swales).The presence of meanders causes
a perturbation in the river flow. The centrifugal force dominates at the surface, pushing the river flow
towards the concave edge of the meander. Since the centrifuge force generates high pressure on the
outer the meander, there is a lack of pressure on the inside or convex side of the meander. As a
consequence, a water gradient is established and the water tends to move from the outer edge
towards the inner bank in a sort of helicoidal shape (Figure 1.9). The centrifuge force is dominant at
the surface, while the friction force is dominant on the river bed, thus the erosion acting at the surface
is compensated by deposition of sandier sediment at the bottom of the meander (Ricci-Lucchi, 1980

Figure 1.9).

The sedimentary structure and the grain size showed in the diagram of Figure 1.9 and 1.10 is a result
of the helicoidal movement of the water within a meander section. The grain size fines upward and
the structure includes cross-bedding, parallel laminations, and cross-laminations. As the river migrates
laterally, point bar deposits are accreted on the inside of the meander, resulting in a profile similar to
that shown in Figure 1.9. The geomorphic expression of this sediment architecture is a series of ridges
(also called scroll bars) and depressions (swales) between the ridges, both with axes paralleling the

channel.
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Figure 1. 10 Stratification of point bars deposits from Allen (1970), modified by Ricci-Lucchi (1980). Note how the sediment
deposited between two different bars result from a synchronic deposition while the sediment deposited within the same bar
result from a diachronic deposition.

In the literature, point bar channel, deltaic, and beach deposits have been the sources of liquefaction
and paleo liquefaction features (Amick et al., 1990; Civico et al., 2015; Reid et al., 2012; Tuttle, 1999;
Villamor et al., 2016; 2014; Wotherspoon et al., 2012). A good example of the correlation of sand
blows and point bars comes from the New Madrid Seismic Zone (NMSZ) in the central U.S. (Tuttle,
2001a Figure 1.11) where sand ejected at the surface appears to be strongly influenced by the curved

shape of the underlying point bar deposits.
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Figure 1. 11 1964 Aerial photos taken by USDA (U.S. Department of Agriculture) showing light coloured sand blow deposits
near the Left Head Chute of Little River that follow scroll bars and natural levee (from Tuttle, 2001a)

Other examples of point bar deposits being prone to liquefaction and the source of sand blows are
documented in the literature (Alessio et al., 2013; Almond et al., 2012; Bastin et al., 2015; Berrill et al.,
1994; Civico et al., 2015; Fontana et al.,, 2015; Holzer et al., 2010; Villamor et al.,, 2016; 2014;

Wotherspoon et al., 2012).

Paleo meander channel deposits are abandoned channels caused by river avulsion. The river avulsion
can be triggered when the erosion of the outer part of the channel narrows the river neck, eventually
breaking through to another portion of the channel and abandoning a portion of the old channel. Over
time, the abandoned channel fills in with clay and over bank deposits from the active river. These
fine-grained deposits preserve the paleochannel morphology. River avulsion can be a sudden or
gradual process, which would result in two different stratigraphic sequences (Ricci-Lucchi, 1980;

Figure 1.12).
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Figure 1. 12 Example of abandoned meander stratigraphy after a quick avulsion or a gradual avulsion, modified by Ricci-
Lucchi (1980).

Crevasse splays form during flood events when the river breaches the natural levee creating a fan-
shaped deposit. The thickness of crevasse splay can vary but it is usually at least 30 cm. The grain size
of crevasse splays is coarser in close proximity of the river and fines away from the river. Presence of
pebbles and lack of laminations also characterizes the crevasse splay (Ricci-Lucchi, 1980).
Documentation of association between liquefaction surface manifestation and crevasse splay can be

found in Villamor (2016; 2014),De Martini (2015) and Civico (2015).

1.3.2 Coastal Environment
The coastal dune setting is characterized by aeolian sedimentation. The sand requires a decrease in

wind velocity, in order to be deposited. In a natural coastal environment, wind velocity reduction
occurs beside obstacles such as shells, pebbles, and organic debris along the high tide line. According
to local wind conditions, sand accumulation as dunes can quickly develop characterized by an upwind

gentle slope and a steeper slope on the lee side (Haslett, 2009).

The formation of a coastal dune system requires a single foredune system (Figure 1.13) that is an early

dune bridge formed by coalescing embryo dunes, running along the back of the beach (Haslett, 2009).
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The morphodynamics of the dune system is also influenced by the amount and the nature of the

sediment supplied from the source beach.
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Figure 1. 13 a) Geomorphology of a coastal dune system; b) distribution and influence of the coastal sand dune setting of
some environmental parameters (Haslett, 2009).

Depressions between the different crests are called interdune depressions or dune slacks. Here, the
water table is shallow and water ponding can occur. In the Jurassic Navajo Sandstone, sand blows have
been found in interdune depressions (Bryant et al., 2013; Chan and Bruhn, 2014). Bryant et al. (2013)
concluded that sand blows formed in the interdune depressions as a consequence of subsidence

related to massive outflow of fluidized sand (Figure 1.14).
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Figure 1. 14 Liquefaction flows in the interdune deposits and pond formation as a consequence (Bryant et al., 2013),
permission granted from Sedimentary Geology.

However, a different geomorphic evidence of liquefaction in the dune setting is documented by Chan

and Bruhn (2014), showing that the liquefaction flow created a relief inversion (as illustrated in Figure

1.15). In this scenario, sand liquefies below dunes and interdune, but sand blows form in the interdune

area where there is less overburden and the water table is shallower.
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Figure 1. 15 Liquefaction model A) Dry dune conditions and Water table; B) Under strong ground motion the saturated sand
liquefied and it comes up forming upwelling sandy mounds. The authors also found out that the lateral spreading was
parallel to the dune crest (from Chan and Bruhn, 2014), permission granted for reuse from Earth Surface Processes and

Landforms.
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Liguefaction manifestation in the coastal setting has also been documented in the eastern of the
United States (Amick et al., 1990; Talwani et al., 1999; Talwani and Schaeffer, 2001) however it has
not been identified a specific association with a geomorphic feature of the interdune field but instead

with the barrier beach setting.

In conclusion, the interdune depressions (lower topographic point in the local geomorphology) are
considered the most susceptible geomorphic features to liquefy within the dune setting, due to the
shallow groundwater as a driving force. Whereas, in the fluvial setting liquefactions features have
been associated with point bars that are higher local topographic points instead of lower topographic
points. This means that liquefaction manifestation is not only influenced by overburden pressure (i.e.
where there is less overburden pressure there is more surface manifestation of liquefaction) but also

by peculiar local topographic conditions that enable the liquefaction flow to be ejected at the surface.

1.3.3 Types of liquefaction features in alluvial and coastal setting
A variety of liquefaction features occur in coastal and fluvial settings.

Sand blows (also named sand boils or sand volcanos)

In the alluvial setting, sand blows are sandy mounds with a sub-rounded shape and a venting area
through which water and entrained sediment flow onto the ground surface. The sand blows can vary
in size according to the setting where they occur and the magnitude of the earthquake. If they occur
above a point bar deposit or along a fissure related to lateral spreading they tend to be elliptical to
linear in plan view. The sediment carried to the ground surface varies and depends on the composition
of the layer that liquefied and the velocity of the venting water. Generally, sand blows that formed
during one event fine upward and fine and thin away from the vent area, though there can be
complexities related to pulsing during an event or erosion of channels in the sand blow and deposition
of subsequent fans (Tuttle, 1999; Tuttle et al., 2017 ). If there is standing or ponded water following
the episode with fines in suspension, the fines will precipitate out over a period of hours to days to
form a silt or clay layer over the sand blow (Tuttle, 1999). The silt or clay layers represent a period of

guiescence between events. Compound sand blows thought to have formed as the result of multiple
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earthquakes have been documented near the San Andreas fault in central California, in the New
Madrid seismic zone in the central U.S, and in the Canterbury area following the CES. In California,
the compound sand blows formed during the 1989 Loma Prieta earthquake and aftershock (Sims and
Garvin, 1995). In the New Madrid seismic zone, compound sand blows separated by clay layers
formed during the 1811-1812 earthquake sequence (Saucier, 1989) and during previous sequences
circa A.D. 1450, A.D. 900, and B.C. 2350 (Tuttle, 2010; 2002b). In the Canterbury area, compound sand
blows separated by silt layers were documented in Christchurch (Quigley et al., 2013) and near Lincoln

(Tuttle et al., 2012 and 2017).

Polygenetic sand blows have also been documented (Rodriguez-Pascua et al., 2015; Tuttle, 2010;
Tuttle et al., 2002a), caused by long lasting ground waving and sloshing experienced during an
earthquake sequence (Cubrinovski et al., 2010; Yasuda et al., 2012). In particular, these features have
been discovered following the most recent Mw 6.3 Christchurch Earthquake 2011 , the Mw 9 2011
Great East Japan Earthquake (Earthquake, 2011) the Mw 5.9 2012 Emilia Romagna Earthquake (Alessio
et al., 2013; Chini et al., 2015), and the Mw 7.7 2001 Bhuij, India earthquake (Tuttle et al., 2002a).
Rodriguez-Pascua (2015) suggested that a single earthquake can trigger polygenetic sand blows due
to the undulation of the ground causing several eruptions of sand. Polygenetic sand blows fine
upwards as the compound sand blows but the different phases are not separated by silt and clay
(Figure 6 B in Rodriguez-Pascua et al., 2015). An effective summary on the formation of polygenetic

sand blows is provided in Figure 1.16.

The characteristics of compound and polygenetic sand blows are important in the interpretation of
the stratigraphic profile of sand blows in order to assess the number, locations, and magnitudes of

paleo-earthquakes.
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Figure 1. 16 Formation of polygenetic sand blows during the Mw 5.9 Emilia Romagna earthquake (Italy) from (Rodriguez-
Pascua et al., 2015). Permission granted from Quaternary International Journal for reuse.

Dikes

Dikes (or neptunian-dikes) are water escape features resulting from earthquake-induced liquefaction,
that cross-cut sediment and soil layers. If the dikes reach the ground surface, they are the conduits
through which water and sediment travel to the surface, forming sand blows. The grain-size of the
sediment carried by a dike depends on that of the layer that liquefied. The dike borders are clearly
visible due to the contrast in grain size and sediment weathering with the in situ stratigraphy. Within
the dike, some rip up clasts are often visible. The overall colour of liquefaction features, in particular

dikes is often gray (or gleyed), indicative of the water saturated condition of the source layer.

Rip up clast

Rip up clasts are fragments of the soil layers disrupted by the liquefaction and dragged in the

liquefaction flow.
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Sills
Sills are liquefaction dikes injected parallel to the in situ stratigraphic layers.
Blisters

Blisters are subsurface pop-up caused by sills and dikes injected close to the surface (Figure 1.17).
Occasionally sand blows form around the base of the mound if the sand dikes reached the surface.
Villamor (2014) documented the first example of blisters in the alluvial setting of the Canterbury

Plains.

Figure 1. 17 Liquefaction features: a) sand blow and feeder dike; b) sand blow characterized by an elongated shape and
corresponding feeder dike-photo credits by Fiona Shannun; c) blister and (yellow sandy sill) from Villamor 2014

In the coastal setting, sand blows explosive craters have been observed and documented by Amick
(1990). The exceptionality of these features is imputed to the particular liquefaction susceptibility of
the coastal setting (Amick et al., 1990) but also to the possible presence of gas, as discussed by Rydelek

and Tuttle (2004) who documented an explosive crater at a site of liquefaction during the Bhuj, India,
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earthquake. A diagram showing the four formation phases of the explosive crater is showed in Figure

1.18.
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Figure 1. 18 Diagram on the formation of sand blows-explosive craters for more details see Amick (1990)
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1.4 HISTORIC LIQUEFACTION AND TYPES OF LIQUEFACTION FEATURES IN NEW
ZEALAND

1.4.1 Evidence of liquefaction features across New Zealand
Prior to the Canterbury Earthquake Sequence, there have been more than 30 accounts of liquefaction-

related phenomena caused by 10 earthquakes, accompanied by sand blows and water ejection,
landslides, foundation failures and flotation of light structures throughout New Zealand since 1843
(Fairless and Berrill, 1984 Figure 1.19 ). However, this review does not include liquefaction caused by
the Edgecumbe earthquake 1987 (Christensen, 1995) and the M, 6.5 Cook Strait Earthquake of 21 July

2013 (Hancox et al., 2013; Van Dissen et al., 2013).
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Figure 1. 19 Liquefaction reported throughout New Zealand before the 2010-2011 Canterbury Seqyence. From (Fairless and
Berrill, 1984)

A later review of historical earthquakes was undertaken by Downes (2012) based on a Hazard and
Risk Assessment Study commissioned by Environment Canterbury (in 1999) and later reported in

Stirling (1999; 2001) and Pettinga (2001). That review focussed on the 1869 Christchurch Earthquake
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and on the 1870 Lake Ellesmere Earthquake. The magnitude of the 1869 Christchurch earthquake was
between 4.5 and 6, while the magnitude of the 1870 Lake Ellesmere earthquake was about 6.5. These
two earthquakes were the only evidence of the presence of hidden faults under the Holocene alluvial
Plain of the Canterbury Plains before the 2010-2011 Canterbury Earthquake Sequence showing the
potential effects of moderate but damaging shaking within the region (Downes and Yetton, 2012).
This review brought to light that the 1869 Christchurch earthquake epicentre was located within the
Darfield 2010 aftershocks distributed area highlighted by Bannister (2011). A similar relationship was
not identified for the 1870 Lake Ellesmere Earthquake and further research is needed also to study
other small or moderate earthquakes (e.g. 1895 earthquakes) which might corroborate the presence
of other hidden faults beneath the Canterbury Plains. A review of these minor historical earthquakes
can be found in Stirling (2008).

The review of historical earthquakes found that liquefaction has recurred at sites underlain by fine,
loose sediment and that earthquake hazard assessment within the Canterbury Plains needs to be
improved due to the presence of hidden faults beneath Holocene alluvial sediment. In addition, it is
highly that the liquefaction was more widespread than documented by Fairless and Berrill (1984) due

to the small population and the lack of local reports and investigation in rural areas.

Also, other liquefaction features were discovered by studying the Haast (Berryman et al., 2012) and
the Kerepehi faults (Persaud et al., 2016). In both cases, paleoliquefaction features were recognized
in the complex stratigraphy along the fault, used to assess the magnitude of the paleoearthquake at

the study site, and to corroborate the fault rupture.

Following the CES, other New Zealand regions were targeted for liquefaction and paleoliquefaction
investigation, such as Hamilton Region (Kleyburg et al., 2015) and Palmerston North area (Beetham et

al., 2011; Dellow et al., 1994).

1.4.2 Liquefaction studies of the Canterbury Earthquake Sequence
The 2010-2011 Canterbury earthquake sequence (CES) induced or triggered liquefaction during the

main shocks and aftershocks (Bastin et al., 2015; Quigley et al., 2013; Villamor et al., 2016).
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Liquefaction ejecta affected residential houses near waterways or streams, wetlands throughout
Christchurch city and the town of Kaiapoi (Brackley et al., 2012; Orense et al., 2011; Townsend et al.,
2016). The liquefaction map from aerial photos recorded in the New Zealand Geotechnical Database
(CGD0200, 2013) reveals the liquefaction extent in consequence of the main shocks of September
2010, February 2011 and aftershocks of June 2011 (Figure 1.20 A, B, C). Then, in December 2011 two
new earthquake events occurred offshore with Mw 5.8 and Mw 5.9 causing new liquefaction (Figure
1.20D). The liquefaction extent varies in function of the earthquake magnitude and the distance from
the epicentre, but also as a function of depth to water table and sedimentary facies. Since the
Canterbury Earthquake Sequence was characterized by different earthquakes, each with a different
epicentre (Bannister and Gledhill, 2012; Beaven et al., 2011; 2012; Quigley et al., 2012; Villamor et al.,
2012), the liquefaction extent was different at each event. The sequence continued in a series of
aftershocks through 2010 and early 2011 and beyond with the Valentine’s Day earthquake in February

2016.
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Figure 1. 20 Liquefaction surface manifestation in consequence of the Canterbury Earthquake Sequence 2010-2011 A)
September 2010, B) February 2011, C) June 2011, D) December 2011 Map downloaded from the Canterbury Geotechnical
Database now renamed New Zealand Geotechnical Database, first download April 2014.

1.4.3 Documentation of Paleoliquefaction features in Christchurch
Initial liquefaction investigations were undertaken soon after the 4 September 2010 Darfield

earthquake (Almond et al., 2010a; 2012; Bastin et al., 2015; 2016; Brackley et al., 2012; Quigley et al.,

2013; Townsend et al., 2016; Tuttle et al., 2012; Villamor et al., 2016; 2014).

During the preliminary CES investigations of the modern liquefaction features, paleoliquefaction
features were identified. Two study sites close to the Halswell River at Greenpark (~28 Km south-west
of Christchurch) were selected, in order to investigate the modern liquefaction features and to look
for past evidence of liquefaction. The Hardwick site was characterized by an old channel overlain by a

crevasse splay, and the Marchand site was characterized by point bar deposits. In two of the eleven
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trenches dug between the two sites there was evidence of liquefaction events older than the 2010-
2011 Canterbury Earthquake sequence (Paleoliquefaction)(Villamor et al., 2016; 2014). The old
features were discriminated by oxidized contours and bioturbation. Also, the cross cutting
relationship of modern dikes intruding the old ones proved that prior to the 2010-2011 there was at

least one (paleo) liquefaction event.

In particular at the Hardwick site (Figure 1.21) the paleofeatures described included feeder dikes and
arelated sand blow partially eroded and subsequently buried by a crevasse splay, which was deposited
on top of the sand blow. The erosion affecting the sand blow revealed that the feature was exposed
to natural weathering before being covered by the crevasse splay. At this site, paleoliquefaction

features were dated between AD 908 and AD 1336 (Almond et al., 2012; Villamor et al., 2016; 2014).
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Figure 1. 21 Documentation of Paleoliquefaction at Hardwick site A) Detail of the trench’s log showing the soil background,
liquefaction and paleoliquefaction; B) Picture of Modern liquefaction (CES); C) Picture of old liquefaction dike coming
through the trench’s floor (from Villamor et al., 2014).

At the Marchand site (Figure 1.22) the paleoliquefaction features found were weathered sand dikes
formed between AD 1017 and 1840 (Almond et al., 2012; Villamor et al., 2016; 2014). Similar to the
Hardwick site, the CES sand dikes crosscut the older sand dikes. Further details on the Hardwick and
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Marchand study sites and the liquefaction study are in Chapter 3 of this thesis (Almond et al., 2012;

Villamor et al., 2016; 2014) .
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Figure 1. 22 Paleoliquefaction recorded at Marchand'’s site. A) Detail of the trench’s log showing the soil background,
liquefaction and paleoliquefaction,; B) Detail of the sand blow, lamination and leaves deposition at the contact as a result of
the different events happening at the same site; C) Picture of modern and old liquefaction dikes from Villamor et al., (2014)

Due to the proximity of Hardwick and Marchand sites (only 2 km of distance) and the similarities in
weathering it has been suggested that the paleoliquefaction features were triggered by the same

event between AD 995-1394 (Villamor et al., 2016; 2014).

Other evidence of paleoliquefaction features were found along the Avon River (Avondale) in
Christchurch (Bastin et al., 2015; Quigley et al., 2013) dated between AD 1321 and AD 1960 (Bastin et
al., 2016). Also, at this study site the main paleoliquefaction feature observed was a paleodike cross
cut by a dike of the recent CES. The paleodike looked similar to the modern CES liquefaction features
but was bioturbated and oxidised. Other evidence of paleoliquefaction features was documented at
Kaiapoi by Bastin et al., (2016), possibly formed in three distinct liquefaction episodes: prior to AD

1458, between AD 1458 and AD 1901, or between AD 1297 and AD 1901.
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1.5 IDENTIFICATION OF LIQUEFACTION IN THE GEOLOGICAL RECORD

This section will present the main known techniques used in investigating liquefaction and
paleoliquefaction features. These techniques are also used in this research to insure a compounded

approach and to guarantee an integration between geology, geophysical and geotechnical investigation.

1.5.1 Paleoseismic trenching and coring
The effectiveness of paleoseismic trenching for liquefaction and paleoliquefaction investigation was

ascertained by several studies (Almond et al., 2012; Bastin et al., 2015; Berryman et al., 2012;
Langridge and Berryman, 2005; Persaud et al., 2016; Tuttle and Barstow, 1996; Tuttle, 1999, 2001b,

2010; Tuttle et al., 2006; 2002a; Vanneste et al., 2008; Villamor et al., 2016)).

The main advantages of paleoseismic trenches is to be able to confirm that sand dikes are intruded
from below (a criteria for earthquake-induced liquefaction features) and to collect samples for dating
(Tuttle and Hartleb, 2012a; Tuttle and Hartleb, 2012b). Trenching allows for liquefaction and
paleoliquefaction features to be exposed in their whole length; hence it is possible to study in detail
the geometry and the cross-cutting relationship within the hosting sediment. Also, due to the length
of a paleoseismic trench wall, low- angle dikes can be distinguished from sills and it is possible to better

understand the stratigraphic profile.

Coring is also very helpful to explore the stratigraphy at depth, examine sediment for soft sediment
deformation (SSD), and possibly identify the layer that liquefied. Piston and vibracores retrieve intact
sediment that can allow to collect grain size samples and organic material for radiocarbon dating, and

investigate soft sediment deformation at depth.

1.5.2 Ground Penetrating Radar 3D and 2D analysis
The use of the Ground Penetrating Radar, as an effective technique to locate sand dikes and to study
the subsurface anomalies, is documented by several studies (Al-Shukri et al., 2006; Lui and Li, 2001;

Nobes et al., 2012; Villamor et al., 2014) .
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The 3D and 2D Ground Penetrating Radar can assist in targeting the trenching campaign by recognizing
the main anomalies in the subsurface. However the 3D radar gives a more accurate image of the

subsurface anomalies and their 3-dimensional extent.

1.5.3 Micromorphology analysis

The micromorphology analysis (using microscopes to investigate the detailed sedimentary fabrics) is
a post field work technique. It allows for the study of the sediment microstructure and to assess the
degree of weathering (textural, organic and excremental pedofeatures). This technique has been used
recently in paleoseismic research (Vanneste et al., 2008) but it is broadly used for interpretation of
glacial geomorphology processes (Phillips, 2006; Van der Meer and Menzies, 2011). In this
dissertation, the micromorphology is used for the first time to study modern and paleo liquefaction
features (Chapter 6). The advantage of using this technique in a liquefaction investigation is explained

next.

e Detailed analysis of the fabric of the soil experiencing liquefaction;

e Examination of the different liquefaction generations (modern liquefaction vs paleo
liqguefaction);

e Corroboration of the stratigraphic interpretation after the field work and added information
for the interpretation of the formation of geologic structures (e.g., liquefaction features or

soft sediment deformation structures) during and after an earthquake event.
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Chapter 2
BROAD GEOSPATIAL ANALYSIS TO INVESTIGATE LIQUEFACTION STUDY SITES

2.1 INTRODUCTION
The 2010-2011 Canterbury earthquake sequence (CES) produced extensive liquefaction throughout

the Canterbury Plains (Figure 2.1). The Canterbury Plains comprise landforms and deposits of late
Pleistocene and Holocene age (Brown and Weeber, 1992), the latter largely occurring on the coastal
parts, which were constructed by coastal progradation following the post glacial culmination of sea
level rise. These deposits occur in a zone of high water table, and the combination of the sediment
age and water saturation make them prone to liquefaction (Brown and Weeber, 1992; Clough, 2005;
Elder et al., 1991; Stirling et al., 1999). Preliminary associations between sedimentary environments
and liquefaction were documented soon after the CES at Kaiapoi (~ 25 km North of Christchurch Bastin
et al., 2016; Wotherspoon et al., 2012) and Halswell/Taitapu area (~ 20 km South west of Christchurch
Almond et al., 2012; Tuttle et al., 2017 ; Villamor et al., 2016; 2014) , and in the eastern suburbs of the

city (Bastin et al., 2015; Quigley et al., 2013). These studies were focused on small areas or single sites.
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Figure 2. 1 Liquefaction surface manifestation mapped out during the last Canterbury earthquake sequence in the Canterbury
Plains. Liquefaction during the Darfield Earthquake (4 September 2010) have been mapped in red, while liquefaction caused
during the Christchurch Earthquake (22 February 2011) have been mapped out in green. From Brackley et al., 2012.

This chapter explores the spatial correlation of CES liquefaction features with landforms and soils of
the Canterbury Plains at a regional scale. This broad scale analysis assisted the selection of study sites
for the research presented in this thesis. The geomorphological and pedological characteristics of the
Canterbury Plains are only discussed to the extent needed for studying the surface manifestation of

liguefaction.

The susceptibility of sediment to liquefaction is a combined effect of sediment grain size, packing and

water table conditions (see section 1.2 and literature herein). The propensity for liquefied sediment
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to reach the surface is a function of fluid pressure (earthquake shaking intensity), landform (depth to
water table, opportunity for lateral spread or topographic diffusion, type and age of sediment), and
surficial soils (crust conditions, drainage). Accordingly, it is expected that meaningful relationships
exist between liquefaction ejecta, landforms and soils, and the aim of this study is to use those
relationships to identify study sites that are representative of common sets of conditions that

precondition for liquefaction ejecta.

To achieve this aim the following objectives are established:

1. Describe the correlation (spatial association) between landforms of the Canterbury Plains and
surface manifestation of liquefaction;

2. Describe the correlation (spatial association) between soil series and liquefaction features;

3. Quantify the association between landforms (geomorphic surfaces), soils and liquefaction on
the Canterbury Plains within the 2010-11 liquefaction surface manifestation extent in order
to characterize the range of geomorphic settings affected by liquefaction during the
Canterbury Earthquake Sequence.

2.2 GEOLOGIC FORMATIONS AND SOIL TYPES IN THE CANTERBURY PLAINS

2.2.1 Formation of the Canterbury Plains
The regional boundaries of the Canterbury Plains (Figure 2.1) extend from Timaru (~100 km south to

Rakaia River in Figure 2.1) to Waipara River (30 km North of the Waimakariri River marked in Figure
2.1) and east to Banks Peninsula, covering a total area of 7500 km? (Browne and Naish, 2003). The
geologic basement of the Plains is hard sandstone (greywacke) and mudstone (argillite) of the Torlesse
Composite Terrane of Triassic age (Browne et al., 2012). The Plains are formed by a series of coalescing
alluvial fans built by the Waimakariri River and other Canterbury rivers coming from the Southern Alps
and their foothills (Brown et al., 1988). The building of the Canterbury Plains is related to the events
of the late Pleistocene and to the uplift of the Southern Alps during the Kaikoura Orogeny that started

at the beginning of the Miocene Period (Soons and Selby, 1985 ).
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The Waimakariri River was the major player in the study area. Postglacial surfaces are found near the
lower Waimakariri River as several very young inset fan terraces and abandoned river channels. Some
of the currently abandoned channels can be traced through the wider area of Christchurch and were
probably active within the last 500 years (Basher et al., 1988). Older channels document avulsions of
the Waimakariri River to a channel position south of Banks Peninsula, reaching the sea in the region

of the shores of the present Lake Ellesmere.

The Quaternary geologic units on the Canterbury Plains have been described in detail (e.g. Brown and
Weeber, 1992; Brown et al., 1988; Gage, 1958; Suggate, 1958; Suggate, 1990, and Figure 2.2 ). The
late Pleistocene units most relevant to the zone affected by CES liquefaction are Burnham, Springston
and Christchurch Formations, from oldest to youngest, and are summarized below. Figure 2.2 shows

the landforms constructed from the late Quaternary formations described.
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makarirl River

Figure 2. 2 Main landforms on the Quaternary Formation of the Canterbury Plains in the area affected by liquefaction (from
Barrell, 2015).

The Burnham Formation, and its lateral equivalent the Riccarton Gravel, (ca 18-25 ka Brown et al.,
1988; Oborn and Suggate, 1959; Suggate, 1963; Suggate, 1965, Figure 2.2 and 2.3 ) represents the
last phase of fluvio-glacial aggradation and coastal extension of the Canterbury Plains at the time of
the last glacial maximum (LGM) when sea level was about 130 m below present (Brown et al., 1988).
According to Browne and Naish’s (2003) seismic study in the Canterbury Bight, the Burnham
Formation comprises coarse-grained, fluvio-deltaic sediment that forms a regressive systems tract
(RST) up to 40 m thick grading to the LGM low sea level stand. On land, the Burnham Formation’s

Surface is recognised as the Darfield Surface with soils of Lismore age (see below).
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Figure 2. 3 Cross-section through the northern portion of the Canterbury Plains near Christchurch to the edge of the
continental shelf showing the stratigraphy of alternating lowland fluvial gravels and highstand sand, silt, clay, and peat
(modified after Brown and Weeber, 1992). Numbers refer to inferred oxygen isotope stages based on radiocarbon dating.
Burnham formation is the latest fluvio glacial outwash gravel deposited during the last glacial maximum; Springston and
Christchurch Formations are the main Canterbury Plains Holocene formations.

Holocene Formations are the Springston and the Christchurch Formations (Figure 2.2 and 2.3) (Brown
et al., 1988; Suggate, 1963; Suggate, 1965). The Christchurch Formation began accumulating at the
end of the Otira Glaciation about 14,000 years ago (Brown et al., 1988). It is characterized by beach,

estuarine, lagoonal deposits, dune and coastal swamp deposits.

The Springston Formation (Figure 2.3) is an aggradational deposit resulting from the Postglacial sea
level rise (Suggate, 1963), and it is mainly fluvial sediment, but includes swamp deposits as well. The
Springston Formation is inset within channels incised into Burnham Formation in the upper plains, but
overlies the Burnham Formation (and its equivalent, the Riccarton Gravel) in the lower plains, and it
is interfingered with the Christchurch Formation near the Rakaia River mouth (Figure 4 and Brown et
al., 1988). The Springston Formation has a maximum thickness on the west side of Christchurch City
of up to 20 m, and its sediment is underlain by several terraces southwards of the Waimakariri River.
These terraces, the sediments beneath which are identified as members of the Springston formation,
mark different periods of deposition, and are mainly coarse grained deposits. The Springston
Formation members are identified on the basis of soil characteristics, for example presence or absence

of loess and dune sand, degree of weathering of gravel and matrix, and also by radiocarbon dating.
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The members listed in order of decreasing age are: Bleak House Member, Riverview Member,

Courtenay Member, Halkett Member and the Yaldhurst member (Brown et al., 1988).

The Halkett member represents younger stages of activity of the Waimakariri and it is capped by
numerous sand dunes (Brown et al., 1988). The Yaldhurst member represents the most recent flood
and overflow sediment originating from the Waimakariri River when it flooded into the Avon,
Heathcote and Halswell Rivers. The Yaldhurst Surface is subdivided (Barrell, 2015) into Yaldhurst 1
Surface, characterized by Waimakariri soil age and Yaldhurst 2 and 3 Surfaces, characterized by Selwyn

soil age (Cox and Mead, 1963)2.

As a consequence of the Canterbury Plains geologic setting, to the west the Plains are characterized
by a succession of fan and alluvial gravel forming aquifers. In contrast, to the east a succession of
interglacial fluvial, marine and estuarine sediment of silty, clay and peat forms aquitards (Cox et al.,
2012) separating a sequence of glacial outwash gravels forming confined and semiconfined aquifers,

the youngest of which is the Burnham Formation (Figure 2.4).

In general, the aquifers occur in well sorted and permeable alluvial gravel sediment. Any surface water
course is associated with a shallow unconfined aquifer with a water table in hydraulic connection,
then intermediate aquifers at depths between 30-80 m and deeper aquifers at more of 80 m depth
(Cox et al., 2012). Consequently, to the west the water table lies several meters or more below the
surface and away from modern river floodplains. The soils are usually well drained and gravelly. To
the east and closer to the coast the water table rises and coupled with fine textured sediment results

in poorly drained soils (Brackley et al., 2012).

2 In this paper Cox and Mead stated that it is possible to recognise four main soil age group on the Springston
Formation: Templeton (3-6 k years ago), Waimakariri (700-2400 years ago) and Selwyn (<300). The fourth group
is the Lismore (14-20 k years ago) that forms on the Burnham Formation. This thinking has been revised and
updated by Basher et al 1988, Webb, 2008, Brackley et al., 2012.
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Figure 2. 4 Outline of aquifers and aquitards on the Canterbury Plains and; A, map of the Canterbury Plains with the
hydrogeological system in plan view; model of the aquifers and aquitards across the succession of gravel and alluvial
sediment through the Plains. From Cox et al., (2012).

2.2.2 The Soils on the Canterbury Plains
In this thesis the soil is considered as a natural body composed by solids (organic matter and minerals),

liquid (water, plants exudates) and gas. It is characterized by different horizons or layers which result
from addition, losses, mobilization or transformation of energy and matter in order to support the
microbial, plant, fungi and animal activity within it. As is the convention with soil survey, the soil that
is classified and mapped is restricted to the upper most 1 m or thereabouts. The engineering definition

of soil (unconsolidated sediment) is not appropriate in this case.

The mountains composed by Greywacke rocks dominate the landscape in the Canterbury Plains, and
they were the source of most of the parent materials. Greywacke rocks and greywacke-derived parent
materials contained a high proportion of resistant materials. Weathering of these materials gave rise
to sandy and silty soils with minor amounts of newly formed clay minerals and low levels of plant

nutrients.

The Canterbury Plains is characterized by sub-humid climate conditions. The rainfall average is
between 500 and 750 mm per year and the year average temperature is between 10 and 12 C (NIWA,
2015). Under this rainfall regime Pallic Soils dominate on landforms with adequate time for significant

soil development, but Recent or Gley Soils occur where sediment is youthful, or where water
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saturation is prevalent, respectively. Some Brown Soils are mapped on well drained, gravelly terraces

and on some older sand dunes.

The most important factor determining the soil properties of the Plains is the depth of fine material
overlying the gravel outwash (Molloy, 1989). The fine material depth will determine the soil drainage
which is also a key factor in determining liquefaction susceptibility. The variation of fine material over
the gravel outwash and the corresponding soil series is showed in Figure 2.5. Suites of soils with
different grain size and drainage characteristics are defined for surfaces of different age. Figure 2.5
represents these surfaces as terraces as is relevant to where the Waimakariri River (or other rivers) is
incised into Burnham Formation. However, this representation is only appropriate for parts of the
plains where the postglacial response of the major rivers, such as the Waimakariri, has been
degradational (i.e. to the west). Consequently, it only shows subsets of the soil suites; those associated
with well drained conditions and coarser grain size. In the east, where a post-glacial aggradational and
progradational sequence has formed, successively younger members of the Springston Formation are
superposed or on-lapping. In these areas a wider range of drainage and soil grain-size characteristics

occur and the soils are more varied (see Table 2.1).
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Figure 2. 5 Association between terraces of the Canterbury Plains, Geologic Formations and Soil series, note the variation of
depth in fine material. Modified from Molloy (1989).

Four soil age-groups were firstly identified by Cox and Mead (1963) on the Canterbury Plains named
Lismore (oldest), Templeton, Waimakariri, and Selwyn (youngest) (Fig. 2.6). Table 2.1 modified from
Brackley (2012) and based on Cox and Mead (1963), Basher (1988), and Webb (2008) shows the

association between late Quaternary Formations, landforms and soil series.

Lismore and Darnley age groups, associated with the Burnham Formation, include well developed
soils. They form in coarse alluvium and are in areas of low water table (usually distant to modern river
floodplains). They comprise mainly Argillic Pallic Soils, Orthic Gley Soils and Firm Brown Soils (Hewitt,

2010).
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TABLE 2. 1 Key fluvial soil types for the Burnham and Springston Formations on the Canterbury Plains,
modified from Brackley et al., 2012.

Geological Springston Formation Burnham Formation
units
Landform Yaldhurst | Yaldhurst1 | Halkett Darfield
2and3 Surface Surface Surface
Surfaces
Soil age <600 700-2400 3000-6000 | 14,000- >20,000
(years) (Basher et 20,000
al., 1988)
Soil age Selwyn Waimakariri | Templeton | Lismore Damley
group name
Shallow and stony soils
Soil types Rangitata | Rakaia Eyre Lismore Damley
Classification | Fluvial Fluvial Orthic Firm Brown | Argillic
Recent Recent Recent Pallic
Deep, well drained soils
Soil types Selwyn Waimakariri | Templeton | Hatfield Mayfield
Classification | Fluvial Fluvial Orthic Firm Brown | Argillic
Recent Recent Recent Pallic
Deep, imperfectly drained soils
Soil types Kaiapoi Wainui Lowcliffe Pahau
Classification Fluvial Immature | Argillic Pallic | Argillic
Recent Pallic Pallic
Deep, poorly drained soils
Soil Types Te Kakahi | Taitapu Temuka Waterton Waterton
Classification | Gley Raw | Recent Gley | Orthic Orthic Gley Orthic
Gley Gley

The Templeton age group comprises soils with a less developed profile formed on mid Holocene fluvial
sediment deposited between 6000 and 3000 years ago (Halkett Member of Springston Formation,
Cox and Mead, 1963). Soils on this landform are Orthic Recent Soils, Immature Pallic Soils and Orthic
Gley Soils. Waimakariri age group is characterised by soils deposited between about 2400 and 700
years ago, and includes Fluvial Recent Soil and Recent Gley Soils. Selwyn age group is the youngest soil
group and generally demonstrates minimal soil development. Orders include Fluvial Recent and Gley

Raw soils (see Table 2.1 for summary).
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Figure 2. 6 Soil ages mapped out on the Canterbury Plains (from Cox and Mead, 1963)

2.3 METHODS

The analysis of the distribution of surface ejecta and surface water ponding that resulted from the
main shocks of the CES includes the spatial pattern of different geomorphic surfaces and soil types.
This analysis uses the liquefaction distribution map produced after the September 2010 and February
2011 events (Figure 2.1) produced by a consortium of institutions (GNS Science, Tonkin and Taylor,
Lincoln University, Beca, Canterbury University and Geotech consulting). For a compendium of the

most relevant maps the reader can refer to Brackley et al., (2012) and Townsend et al (2016).

Firstly the pattern of liquefaction is examined in relation to landforms, and secondly to the soil map

(LCR, 2010). Note that the liquefiable subsurface layer is likely to be more extensive than the surface
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features mapped, which included ejecta® or flooding sediment® and flooding water® (Brackley et al.,

2012; Townsend et al., 2016).

2.3.1 Correlation between landforms of the Canterbury Plains and liquefaction surface manifestation

The geomorphic analysis involved intersecting the combined liquefaction-affected area from the
September 2010 and February 2011 earthquakes (Figure 2.1, data from Brackley et al., 2012) with a
Canterbury geomorphic map (Barrell, 2015) in a GIS environment. The area of interest is bounded to
the north by the Waimakariri, to the east bythe Avon-Heathcote estuary and to the south by the Rakaia

River. This area excludes Banks Peninsula to the east and includes the Darfield area on the west.

2.3.2 Correlation between soil series and liquefaction surface manifestation

The soil analysis has been carried out intersecting the soil map for the Upper Plains and Downs of
Canterbury (LCR, 2010) and the amalgamated liquefaction extent map after the September 2010 and
February 2011 earthquakes (Figure 2.1, Brackley et al., 2012; Townsend et al., 2016) . Two types of
analysis were undertaken. The first set of maps illustrates the contribution of each soil series (a soil
mapping unit) to the whole liquefied area. That is, of the total area of mapped liquefaction features
what percentages are associated with each soil series. The second analysis looks individually at each
soil series in the Canterbury Plains and calculates the area that liquefied within the total area covered

by that soil.

2.3.3 Association of landformes, soil series and liquefaction surface manifestation

This third step resulted from an intersection of two datasets obtained from the two former analyses:
the liquefaction dataset map intersected with the geomorphic map and the liquefaction map
intersected with the soil series map. Intersecting these two datasets produced a new dataset which

reveals the correlation between landforms and soil series at each liquefaction feature in the

3 Ejecta are considered those areas in which is possible to identify large sand boils or fissures directly related
with a vented area.

* Flooding sediments are areas of surface sedimentation for which no vent area could be directly related.

5> Flooding water is a category that includes standing surface water, saturated ground inferred to be the result
of a temporary alteration of water table because of the ground shaking.
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Canterbury Plain. This third step was essential to look at both criteria (geomorphology and soils) in

the same dataset and to summarize results in order to identify sites most affected by liquefaction in

the Christchurch area.

2.4 RESULTS

2.4.1 Correlation between landforms of the Canterbury Plains and surface manifestation of liquefaction
Firstly, the Yaldhurst age surfaces are the most extensive landforms in the Canterbury Plains (28% of

the total study area Table 2.2). For mapping purpose the Yaldhurst Surface was subdivided into sub-
surfaces: Yaldhurst 1 Surface on the Waimakariri soil age occupies 12% of the area; Yaldhurst 2 and 3
Surfaces on Selwyn soil age occupy 5 and 3% of the respectively. The Halkett Surface represents
another extensive landform with 20% of the total study area (Table 2.2). The Darfield Surface on
Burnham Formation covers 19% of the total study area (Table 2.2). Coastal Sand Dune landforms

represent only 4% of the aerial extent of the Canterbury Plains.

TABLE 2. 2 Summary of the main landforms present on the Canterbury Plain.

Landforms Brief physiographic description Aerial
Extent
ha (%)
Darfield Surface-fluvial Glacial outwash derived river deposits (Brown 10 %
et al., 1988)

Halkett Surface Earliest stages of incision of the Waimakariri 9%
includes numerous sand dunes (Brown et al.,
1988)

Yaldhurst 1 Surface Flood and overflow surfaces with few sand 6%

dunes (Brown et al., 1988)-Waimakariri soil age
Yaldhurst raised channel Flood and overflow surfaces (Brown et al., 5%
1988)-

Halkett Surface (Rakaia) Evidence of stages of incision of the 5%
Waimakariri in the Rakaia setting

Halkett Surface (Selwyn) Evidence of stages of incision of the 4%
Waimakariri in the Selwyn setting

Yaldhurst 2 Surface Flood and overflow surfaces with few sand 4%

dunes (Brown et al., 1988)- Selwyn soil age

Coastal Sand Dunes Sand Dunes on the Heathcote and Avon 4%

estuarine

Yaldhurst 1 Surface interchannel/alluvial flat Interchannel and alluvial flat on the 4%

Waimakariri flood and overflow surface,

Waimakariri soil age
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The map produced through the GIS analysis is a new map that shows the proportion of each landform
affected by liquefaction (Figure 2.7 and Table 2.3). Yaldhurst landforms and coastal sand dunes
experienced the highest proportion of surface ejecta cover. Despite its wide extent within the study
area and its proximity to the epicentre of the Darfield Earthquake, the Darfield Surface was minimally
affected by liquefaction ejecta when compared to the Holocene landforms. The Halkett Surface across
the older member of Springston Formation was little affected (4%) by surface ejecta despite also being

widely represented in the study region.

0 15 Kilometers

Y | 4 | ;¢

Figure 2. 7 Liquefaction occurrences coded by the landform they occur on. This map reveals that the main surfaces
experiencing liquefaction were the Yaldhurst and Coastal landforms.
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TABLE 2. 3 Aerial proportion (%) of landforms affected by surface ejecta

Landforms ha (%)
Yaldhurst raised channel 14 %
Yaldhurst flood basin 12 %
Yaldhurst 1 Surface 16 %
Coastal Sand Dunes 10 %
Yaldhurst 2 Surface 4%
Lake Ellesmere bed 4%
Halkett Surface 4 %
Darfield Surface 4%

2.4.2 Correlation between Soil series and Liquefaction surface manifestation

Chapter 2

The soil map intersected with the liquefaction map resulted in the dataset shown in Figure 2.8. The

main soil orders affected by liquefaction are the Gley and Recent Soils. Table 2.4 lists the soil orders

experiencing liquefaction, describing also the soil series affected. Gley Soils are characterized by the

presence of high water table and have generally poor drainage.
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Figure 2. 8 Liquefaction occurrences coded by the soil order they occur on.

Within the Gley order, Taitapu and Temuka soil series are associated with liquefaction. Taitapu is a
Recent Gley Soil and Temuka is an Orthic Gley Soil. Within the Recent Soil order, Kaiapoi, Kairaki,
Waimakariri, Eyre soil series are associated with liquefaction. Within the Brown Soil order, the
Waikuku and Lismore soil series are associated with liquefaction. This result is somewhat unexpected
but may be explained as follows: the Waikuku soil, although well drained and formed in sand dunes,
likely has saturated sands in the subsurface; and liquefaction associated with the Lismore soil was

largely flooding water associated with a raised water table rather than ejection of liquefied sediment.
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TABLE 2. 4 Contribution of the soil series most strongly affected by liquefaction to the total liquefied

area.

Soil series Dominant Area ha Percentage
Soil Order

Taitapu GLEY 3,220 16%
Kaiapoi RECENT 2,802 14%
Temuka GLEY 1,632 8%
Kairaki RECENT 1,363 7%
Eyre RECENT 1,325 7%
Waimakariri RECENT 1,126 6%
Waikuku BROWN 961 5%
Lismore BROWN 824 4%

The results presented provided a relationship between liquefaction and soil type considering the
proportion of a given soil type that was affected by liquefaction. Table 2.5 ranks the 10 most strongly
affected soil series according to this metric. This analysis quantified which kind of soils liquefied and

what their extent was in the liquefied area.
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TABLE 2. 5 Rank of soils series in the broad liquefaction region that experienced intense liquefaction.

Soil map unit Dominant Percentage rank
Soil Order

Aranui complex GLEY 63 % 1
Kaiapoi + Waimakariri RECENT 60 % 2
Rangitata + Kaiapoi RECENT 48 % 3
Taitapu GLEY 30% 4
Wakanui+Templeton PALLIC 29 % 5
Kairaki RECENT 28 % 6
Kaiapoi + Taitapu RECENT 26 % 7
Kaiapoi RECENT 26 % 8
Greenpark RECENT 24 % 9
Taitapu+ Waikuku GLEY 10

The percentage value is a ratio between the total liquefaction area which affected a specific soil series and the total soil

series area.

The second step of this analysis quantifies the proportion of a specific soil in the liquefaction-affected

area relative to its total extent within the region of interest.

A comparison of the results of both analysis (Table 2.5 and Table 2.6) shows that the soil series that

are largely present in the liquefied area (Table 2.6) are not the same series that were most strongly

affected by this phenomenon (Table 2.5).

TABLE 2. 6 Soil series present in the liquefied region.

Soil series in study area ha Percentage of each
soil series in the
study area
Lismore 50,486 20.98%
Templeton 15,750 6.54%
Eyre 15,202 6.32%
Waimakariri 15,073 6.26%
Temuka 13,439 5.58%
Rangitata 10,910 4.53%
Kaiapoi 10,787 4.48%
Taitapu 10,578 4.39%
Waterton 8,849 3.68%
Rakaia 8,760 3.64%
Motukarara 7,169 2.98%
Darnley 6,220 2.58%
Kairaki 4,866 2.02%
Wakanui 4,825 2.00%
Waikuku 4,634 1.93%
Rangitata+Selwyn 3,467 1.44%
Mayfield+Darnley 3,094 1.29%
Mayfield 2,601 1.08%
Pahau+Darnley 2,546 1.06%
Waimairi 2,484 1.03%
Takahe 2,478 1.03%
Paparua 2,369 0.98%

59



Selwyn 2,300 0.96%
River Bed+Rangitata 2,218 0.92%
Mairaki+Ashley 2,113 0.88%
Hatfield 2,101 0.87%
Greenpark 2,035 0.85%
Darnley+Mayfield 1,633 0.68%
Eyre+Templeton 1,270 0.53%
Waimakariri+Rakaia 1,265 0.53%
Paparua ? 1,176 0.49%
Darnley+Pahau 1,164 0.48%
Horotane 1,133 0.47%
Fereday 1,013 0.42%
Halkett 939 0.39%
Cashmere 901 0.37%
Evans 826 0.34%
Mairaki 782 0.32%
Windermere 770 0.32%
Te Kakahi 759 0.32%
Rakaia+Waimakariri 734 0.31%
Templeton+Eyre 712 0.30%
Taitapu+Motukarara 689 0.29%
Hatfield+Lismore 687 0.29%
Kaiapoi+Taitapu 666 0.28%
Taumutu 585 0.24%
Temuka+Waterton+Windermere 562 0.23%
Scarborough 483 0.20%
Kaiapoi+Waimakariri 476 0.20%
Lowcliffe+Templeton+Waterton 424 0.18%
Temuka+Windermere 404 0.17%
Taitapu+Kaiapoi 389 0.16%
Aranui complex 383 0.16%
Coastal sand and gravel 325 0.13%
Lowcliffe 247 0.10%
Templeton+Halkett 220 0.09%
Halkett+Eyre 214 0.09%
Kiwi 182 0.08%
Heathcote 180 0.07%
Templeton+Taitapu 176 0.07%
Selwyn+Kaiapoi 149 0.06%
Taitapu+Waikuku 144 0.06%
Rakaia+Kaiapoi 113 0.05%
Selwyn+Rangitata 103 0.04%
Halkett+Templeton+Eyre 92 0.04%
Wakanui+Templeton 85 0.04%
Wakanui+Pahau 78 0.03%
Rangitata+Kaiapoi 48 0.02%
Pahau 43 0.02%
Constructed Wetland within dunes 41 0.02%
Eyre+Halkett 38 0.02%
Templeton+Wakanui 25 0.01%
Taylors Mistake 6 0.00%
Wakanui+Temuka 4 0.00%
Total 240,690 100.00%

Chapter 2
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While the Taitapu and Kaiapoi series contributed 13 and 15%, respectively, (Table 2.6) to the total
area of interest, they were affected by liquefaction to a level of 30% and 26%, respectively (Table 2.5)
of their total extent. In contrast, the Aranui complex (typic sandy gley soil, occurring on the aeolian
deposit) was affected much more intensely: 63% of its area was covered by ejecta despite its extension
in the total area considered being limited to 0.16% (Table 2.6). In other words, some of the soils have
very limited aerial extent but their liquefaction susceptibility is enhanced by other factors such as their
location close to the faults, or being underlain by liquefaction-prone sediment, and in undrained
condition. However, because of the limited aerial extent of these soils (Table 2.6) they were not
represented in our first analysis (Table 2.5).

2.4.3. Association of landforms, soil series and liquefaction surface manifestation

This final analysis brings to light that the soil series most affected by liquefaction are those on the
Yaldhurst surface which is the youngest landform of the Springston Formation. Tables 2.7 and 2.8 list
the proportion (%) of the area of the Gley Soil order and soil series affected by liquefaction according

to the main landforms on the Canterbury Plain.
TABLE 2. 7 Proportion (%) of the Gley Soil order affected by liquefaction on each of the main surfaces

on the Canterbury Plains
GLEY SOIL ORDER AFFECTED BY LIQUEFACTION

Landforms Percentage
Christchurch  Estuarine 4.2%

flat

Coastal Sand Dunes 3.7%
Darfield Surface 3.9%
Halkett Surface 5.7%
Human 3.2%
Undifferentiated 0.04%

landforms on the
Springston Frm.

|Ya|dhurst Surface 68.7% |
(NA) 10.6%
Grand Total 100.0%
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TABLE 2. 8 Proportion (%) of soil series belonging to the Gley Soil order affected by liquefaction per

each of the main Canterbury Plain landforms

LANDFORMS Taitapu Temuka Grand Total
Christchurch

estuarine flat 2.47% 2.19% 4.65%
Coastal Sand Dunes 2.86% 0.39% 3.25%
Darfield Surface 0.00% 2.53% 2.53%
Halkett Surface 1.62% 5.00% 6.62%
Human 1.31% 0.76% 2.07%
Undifferentiated

landforms on the

Springston Frm. 0.01% 0.00% 0.01%
Yaldhurst Surface 69.22% 7.07% 76.29%
(blank) 4.29% 0.29% 4.58%
Grand Total 81.77% 18.23% 100.00%

This confirmed that Taitapu and Temuka soil series are the series with a stronger association with

liguefaction within their order and both of them lay on the Yaldhurst surface.

Likewise within the Recent Soil order (Table 2.9 and 2.10) the soil series most affected by liquefaction

(Kaiapoi, Kairaki, Waimakariri) occur on Yaldhurst (~78%) and Coastal Sand Dunes (8.4%).

TABLE 2. 9 Proportion (%) of Recent Soil order affected by liquefaction organised by main landforms

of the Canterbury Plains

RECENT SOIL ORDER

LIQUEFACTION

AFFECTED BY

LANDFORMS

Total

Christchurch estuarine flat

3.53%

| Coastal Sand Dunes

8.40%

Darfield Surface
Halkett Surface
Human

Undifferentiated Landform on

the Springston Frm.

0.08%
1.33%
1.47%
0.08%

|Ya|dhurst Surface

77.96%

(blank)

7.13%

Grand Total

100.00%
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TABLE 2. 10 Proportion of soil series within the Recent Soil order affected by liquefaction partitioned
by the main Canterbury Plain landforms.

Order Recent
SOIL SERIES

LANDFORMS Eyre Kaiapoi Kairaki Waimakariri Grand
Total

Christchurch 0.00% 1.41% 2.44% 0.46% 4.31%

estuarine flat

Coastal Sand 0.00% 0.61% 9.11% 0.49% 10.20%

Dunes

Darfield Surface 0.06% 0.00% 0.00% 0.02% 0.08%

Halkett Surface 0.94% 0.11% 0.00% 0.14% 1.19%

Human 0.00% 0.36% 0.36% 0.65% 1.38%

Undifferentiated  0.08% 0.00% 0.00% 0.01% 0.09%

Landform on the

Springston Frm.

| Yaldhurst Surface  0.11% 54.77% 1.86% 19.32% 76.05% |
(blank) 0.00% 3.95% 1.27% 1.49% 6.71%
Grand Total 1.20% 61.20% 15.03% 22.57% 100.00%

In addition, the Brown Soil order shows similar results (Tables 2.11 and 2.12) and its soil series most
affected by liquefaction (Lismore and Waikuku) occur on Yaldhurst and coastal landforms (43% and

36%, respectively, see Table 2.12).
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TABLE 2. 11 Proportion (%) of Brown Soils affected by liquefaction organised by each of the main

Canterbury Plain landforms

BROWN SOIL

General Total
Christchurch estuarine flat 4.66%
[Coastal Sand Dunes 42.08%
Darfield Surface 5.51%
Halkett Surface 0.85%
Human 1.91%
Undifferentiated Landform on the

Springston Frm. 0.42%
[Yaldhurst 31.20%
(blank) 13.38%
Grand Total 100.00%

TABLE 2. 12 Proportion (%) of soil series within the Brown Soil order affected by liquefaction

organised by each of the main surfaces of the Canterbury Plains

LANDFORMS Lismore Waikuku Total
Christchurch
estuarine flat 0.00% 4.73% 4.73%
Coastal Sand
Dunes 0.00%  42.72% 42.72%
Darfield 5.54% 0.00% 5.54%
Human 0.26% 1.68% 1.93%
Springston 0.00% 0.04% 0.04%
[ Yaldhurst 0.60%  31.03%  31.63%]
(blank) 2.66% 10.74% 13.41%
Grand Total 9.07% 90.93% 100.00%
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2.5 DISCUSSION AND CONCLUSIONS

The geospatial analysis undertaken in this chapter illustrated that certain landforms and soils are
over-represented (relative to their extent) with respect to liquefaction surface features following
on from the September 2010 and February 2011 earthquakes of the CES. The combination of Gley
or Recent soils on landforms associated with the most recent depositional events on the
Canterbury coastal plain (Yaldhurst Surface and Coastal Dunes) shows the strongest affinity with
liquefaction surface features. This is likely due to the sediment’s age, which implies consolidation,
and the presence of a near surface water table. Gley Soils directly reflect undrained condition,
whereas the Recent Soils affected by liquefaction, by definition imperfectly drained, presumably
overlie a shallow water table that only reaches the surface for limited periods of time, but which

predisposes deeper sediment to liquefaction.

On the alluvial Yaldhurst surface, the analysis identified soils of the Waimakariri age group (700-
2400 years), particularly the Taitapu (Gley Soil) and Kaiapoi (an imperfectly drained Recent Soil)
soil series as being the most represented in the areas affected by liquefaction. On the Coastal

Dunes Kairaki soil series (Recent Soil) was most represented.

The analysis presented in this chapter provided a basis for selection of study sites according to
their landform-soil associations, highly susceptible to liquefaction, on the Canterbury Plains. An
area on the floodplain of the Halswell River at Greenpark, comprising two individual sites, studied
by Villamor et al. (2016; 2014) occurs on the Yaldhurst (2) surface and is dominated by Taitapu
soils (700-2400 years, Waimakariri age). The Halswell River site is adopted as one of the study
sites for this thesis because of its representativeness of liquefaction-affected sites in the alluvial
setting. The coastal setting of the Canterbury Plains is the other important landform-soil

association, but no pre-existing detailed studies were available. Three new individual sites were
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selected on the coastal setting, all involving Kairaki soils with or without Waikuku soils (an older
Brown Soil). Wainoni and QEIl Parks, occurred within the urban area and although demonstrating
significant surface liquefaction effects had been modified by land development. Consequently, a
third site at Featherston Avenue Reserve near Kaiapoi was chosen because it preserved the

original geomorphology.

The alluvial site in Greenpark experienced liquefaction during September 2010, February 2011
and June 2011 events, whereas the coastal sites in Christchurch experienced liquefaction during
February 2011, June and December 2011. Featherston Avenue Reserve site was the most
susceptible site since it experienced liquefaction during all the events of the 2010-2011
earthquake sequence: September 2010, February, June and December 2011, and also in February

2016. A full description of these sites will be addressed in Chapters 3, 4 and 5.
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Chapter 3

DETAILED PATTERN ANALYSIS OF SURFACE MANIFESTATION OF LIQUEFACTION IN
AN ALLUVIAL SETTING: LESSONS FROM THE CANTERBURY EARTHQUAKE
SEQUENCE

3.1 INTRODUCTION
Liquefaction caused by the 2010-2011 Canterbury Earthquake sequence (CES) affected low elevation

areas of the Canterbury Plains, such as alluvial, coastal and estuarine settings (see Chapter 2).
Liquefaction in the alluvial setting has been widely investigated worldwide. For instance, previous
research has documented the influence of the spatial relations, permeability, and thickness of
sedimentary deposits on the location and mode of liquefaction-related ground failure (Tuttle and
Barstow, 1996) as well as the association of liquefaction ejecta with specific parts of the alluvial
setting, such as point-bar deposits (Holzer et al., 2010; Tuttle, 2001a). Recent research on earthquake-
induced liquefaction in the Canterbury Plains provides information about the geomorphic setting most
affected by liquefaction (Almond et al., 2012; Townsend et al., 2016; Villamor et al., 2016; 2014), the
PGA (Peak Ground Acceleration) threshold of liquefaction (Bastin et al., 2015; Quigley et al., 2013;
Villamor et al., 2016; 2014), and the land damage caused by liquefaction (Bray et al., 2014; Cubrinovski
et al., 2011a; 2010; 2011b; Orense et al., 2011; van Ballegooy et al., 2014). However, none of these
Canterbury studies investigated why surface manifestation of liquefaction occurs in specific
geomorphic settings and what role their subsurface sedimentary architecture plays in determining

surface ejecta patterns.

Therefore, the aim of the research presented here is to assess the geomorphic elements most affected
by liquefaction in the alluvial system and the sedimentological control on liquefaction and its surface

manifestation.
In order to achieve this aim, four objectives are undertaken:
1) Document the spatial correlation between surface manifestation of liquefaction and

geomorphic elements of the Halswell River on the lower Canterbury Plains;
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2) Identify subsurface source layers of liquefaction features;

3) Evaluate the influences of subsurface sediment architecture on surface manifestation of
liquefaction;

4) Develop a conceptual model of the causative relationships between alluvial sedimentation,

floodplain construction and surface liquefaction manifestation.

A detailed understanding of the liquefaction phenomenon within the alluvial system will be useful to
better understand and map liquefaction susceptibility in conjunction with traditional geotechnical
investigations. It will also aid selection of sites for paleoliquefaction studies. A wide range of
techniques have been used to investigate liquefaction in the alluvial setting in this study (including
those used by Villamor et al. 2016, 2014). An evaluation of the effectiveness of these techniques is
provided in Section 3.5 in order to select the most appropriate techniques for future (paleo)

liguefaction studies.

3.2 METHODS

The methods used to achieve the four objectives listed in the introduction are as follows:

e Objective 1 is achieved through mapping of the surficial deposits at the Halswell River and
detailing the 2010-2011 liquefaction features at the surface.

e Objective 2 is achieved through grain-size analysis of sediment samples collected from the
sand blows and dikes combined with visual inspection of retrieved sediment cores (presence
of soft sediment deformations) and seismic cone-penetration test (sCPT) data to identify the
layer(s) that liquefied and from which sediment the liquefaction features were derived.

e Objective 3 is achieved through collection of information from paleoseismic trenches, hand
piston cores, seismic CPT stratigraphic profiles, ground penetrating radar (GPR), radiocarbon
dating and geomorphological analysis. This information is gathered into a sedimentary cross

section of the Halswell alluvial system (at both sites).
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- Objective 4 is achieved through integration of results from objectives 1, 2, and 3, in
order to better understand the sedimentological influences on the liquefaction

process and its surface ejecta.

3.2.1 Halswell River Geomorphic map and spatial distribution of the 2010-2011 liquefaction features
The study sites along the Halswell River (Greenpark, 24 km southwest of Christchurch, Figure

3.1) were selected because they are in a greenfield area where at least three liquefaction
events, related to the September 2010, February 2011, and June 2011 earthquakes, were
documented by aerial photos (Almond et al., 2010a) and local reports(Villamor et al., 2016;

Villamor et al., 2014).

Surface analysis of a 1 m resolution DEM (digital elevation model derived from LIDAR of the
Selwyn District Council taken in 2008) shows a gentle topography (highest elevation of about
6 m a.s.l.) characteristic of a complex braided stream system (Figure 3.1). This complexity is
not related to the current Halswell River but to an older and bigger river system, the
Waimakariri River, now flowing north of Christchurch (Basher et al., 1988). The surficial
Halswell River deposits have contributed to form the Yaldhurst surface (David Barrell,
personal communication), hosting Waimakariri-age soils (Springston Formation-Holocene)

from 700 to 2400 years old.
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Figure 3. 1 Digital elevation model of the Halswell River landscape from LiDAR data and liquefaction features mapped from
aerial photos. Note the subtle topography and the complex meandering system, with crevasse splays, raised channels and
levees. These features were formed by the Waimakariri River in the late Holocene.

In proximity to the Halswell River, we identified two study sites, the Hardwick and Marchand
properties (Figure 3.1). The Hardwick site was characterized by liquefaction located along an
abandoned channel overlaid by a crevasse splay, whereas the Marchand site was

characterized by liquefaction associated with a point-bar.

A detailed geomorphic map of the alluvial system of the Halswell River was produced,
together with a map of the 2010-2011 liquefaction features. The detailed liquefaction map
presented in this dissertation is an update of a former liquefaction map presented in Villamor
et al. (2016; 2014). The detailed map is used to show the spatial association of the surface
manifestations of liquefaction with landforms of the alluvial system (e.g. point bars,
abandoned river channels, etc). The associated landforms may be the source of the sediment
that liquefied, the overlying medium that suffered ground failure and through which sand

dikes intruded, or the surface sediment on which water and entrained sediment vented.
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Aerial photos from 2010 and the 1 m DEM previously used by Villamor, et al. (2016; 2014)
were used to map landforms. The liquefaction ejecta were then mapped from aerial photos

acquired by Almond et al (2010b).

3.2.2 Sedimentary analysis in the Halswell alluvial system
One stratigraphic cross-section at the Hardwick site, and two cross sections at the Marchand

site were built to define the subsurface stratigraphy and its relationship to liquefaction. The
cross sections together with the geomorphic maps illustrate the 3D architecture of the
landforms of the Halswell River and provide the framework for evaluating liquefaction

patterns.

The landforms identified on the geomorphic maps (e.g. crevasse splay, point bars,
paleochannel) were used to infer the geometry of the stratigraphic units in the subsurface
and to interpret their possible origin, together with information from trenches, hand piston
cores, seismic CPTs and ground-penetrating radar (GPR). Radiocarbon ages also provided
support for correlation and boundary delineation. Some details of the techniques used are

described next.

3.2.2.1 Paleoseismic trenches and cores
Eleven trenches were excavated at the Hardwick and Marchand properties and nearly 18 m

of core sediment (up to 5 m deep) were retrieved at these sites. A complete documentation

of the trenches and core stratigraphy can be found in Villamor et al., (2016; 2014).

A stratigraphic transect created with auger hole information, parallel to the trenches, was
also constructed at the Marchand site. The auger holes were up to 3 m deep (Almond et al.,

2010a).
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Trenches, cores and auger holes along the transects provided information on sedimentology
of the upper 4-5 m of sediment. They were visually inspected and described according to
standard soil description methods . Trenching and coring was carried out as part of an earlier
study by Villamor et al. (2016; 2014); however, they focussed only on the information from
the upper 2 meters with occasional consideration of information from greater depths. This
chapter provides a more complete stratigraphic framework of the sites derived from core and
GPR data from greater depths. Grain size of sediment samples collected by Villamor et al.
(2014) are also analysed in Grain size analysis from Hardwick site and Marchand site. Some
additional radiocarbon samples were collected from the cores and added to the existing

chronostratigraphy from the two sites (See Appendix A2).

3.2.2.2 Ground-Penetrating Radar
The results of a GPR survey undertaken during the field campaign led by Villamor et al.(2014)

are here used to inform the stratigraphic unit outline, in particular within the first 1.5 or 2 m
depth. Two different GPR systems were used with two different types of antennas. Prior to
trenching, a MALA GPR with a 100 MHz shield antenna and 250 MHz shield antenna were
used. The control unit was a MALA ProEx. Initial GPR imaging had the objective of identifying
subsurface disruption and deformation related to liquefaction. This information was used to
site geologic trenches in order to examine subsurface liquefaction features. After the
trenching campaign, SIR-3000 GPR with 400 MHz and 1.5 GHz antennas were employed in
order to collect more detailed profiles to map stratigraphic units. GPR scans were recorded
at intervals of 1 cm (100 scans/metre), which was achieved by using a digital survey wheel for
pulse triggering. A track log was recorded at the same time using differential GNSS (Global

Navigation Satellite System). Data were processed in RADAN 6.7 software, which involved
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frequency filtering, horizontal background removal, predictive deconvolution, and gain

adjustments. Topographic corrections were not applied in the results of this dissertation.

3.2.2.3 Seismic CPT descriptive columns (Soil Behaviour Type SBT)
The seismic CPTs were used to explore the stratigraphy at depth (up to 15 m) and to define

the stratigraphy beyond that revealed in the cores. The seismic CPT descriptive columns,
known also as soil behaviour types (SBT) (Robertson, 1990), were used to correlate deeper

subsurface units with the units identified in cores and trenches.

3.2.3 Identifying the potentially liquefiable layer
Identification of the layer(s) that could have liquefied during the 2010-2011 events serves to

refine the relationship between alluvial sedimentary facies, their liquefaction susceptibility,
and surface manifestations of liquefaction. However, the spatial coincidence of landforms and
liguefaction ejecta must be interpreted with caution when trying to identify the origin of
liguefiable source layers. Floodplains are characterized by superposition of different
sedimentary facies; consequently, surficial landforms do not necessarily correspond with the
subsurface sediment that liquefied. For example, Villamor et al. (2016) demonstrated that
although there was a strong spatial correlation of 2010-2011 liquefaction ejecta with a
mapped crevasse splay, the source layer of the ejecta or the sediment that liquefied occurs
below the crevasse splay and within a channel deposit. In the present study, the same study
sites are explored to greater depth and with a larger suite of techniques (discussed below) in
order to define with more confidence the sediment that liquefied during the 2010-2011

earthquakes.

3.2.3.1 Visual inspection of hand piston cores
The cores were numbered according to the corresponding trench, the core location, and the

tube collected. For example, core number T5C1T1 indicates Trench HWKS5, core location 1,
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tube 1. The sediment retrieved in the core was visually inspected and grain size samples were

collected (Tables 3. 1, 2, 3, 4, 5, 6). The samples collected from the cores were then named

using the core/tube identifier and adding the depth of the sample within the tube (e.g.

T5C1T120 indicates sediment sample collected from Trench 5, core 1, tube 1 at 20 cm depth

along the tube).

3.2.3.2 Grain size analysis
Grain size analysis was used to assess liquefaction susceptibility of in situ sediment in trenches

and cores, and also as a forensic technique to link (near) surface ejecta with subsurface

sediment. The analysis consisted of 3 steps:

1)

2)

3)

Determination of the grain-size distribution using a Micromeritics Saturn Digisizer Il
5205 at Canterbury University;

Comparison of the cumulative grain-size distribution curves of samples collected from
trenches and cores with Tsuchida’s (1970) soil behaviour boundaries to provide a
preliminary liquefaction susceptibility assessment;

Characterisation of grain-size subpopulations using statistical analysis in the R mixdist

package (Du, 2002) (https://cran.r-project.org/web/packages/mixdist/mixdist.pdf).

Grain size distribution curves of fluvial sediment are commonly multimodal
(multigaussian) in nature (Haberlah and Mctainsh, 2011; Leys et al., 2005) (Figure 3.2).
Hence mixdist was used to resolve each sediment distribution into its component
subpopulations assuming log normal grain size distributions. The resulting grain size
distribution curve was used as a “spectrum” to image the component subpopulations.
The grain size spectrum was then used as a ‘fingerprint’ for identifying the source
sediment of the surface ejecta. The similarity between ejecta and potential source

sediment was quantified using a similarity metric, S, defined by Equation 3.1 as,
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S = e Equation 3.1

N
(N) is the number of core modes, identified by mixdist, and n1 = number of core modes
identified by mixdist in the sand blows. A ratio S = 1 implies a perfect match where all
the modes in the ejecta occur in the potential source sediment. However, sorting of

grain-size subpopulations during liquefaction and flowage would produce a value of S

<1 when comparing ejecta with its actual source sediment.

The subpopulation matching results were expressed in a two-way table in which the similarity
metric was classified using a scale of colour (red, best correlation, S > 0.8; yellow, moderate
correlation for S between 0.8 - 0.4; green for poor-no correlation with S < 0.4). Sand blow as
well as dike samples were used to mitigate grain size sorting biases during the liquefaction

process.
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Figure 3. 2 Example of multigaussian grain size distribution curve and its decomposition from a core sample taken from Trench
HWKS5.
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3.2.4 Factor of Safety (derived Seismic CPT)
The seismic cone penetration test (sCPT) is used to assess the mechanical properties of

sediment and to ascertain liquefaction susceptibility. The Factor of Safety (FS) against
liguefaction was determined from the seismic CPT data using the analyses of Idriss and
Boulanger (2006; 2008) and Youd (2001). Where FS < 1, liquefaction is likely to happen,
whereas liquefaction is not likely to happen where FS > 1. The FS computation used the PGA
(Peak Ground Acceleration) recorded at LINC seismic station. Although the station is ~ 3 km
away from the study site, it is underlain by a similar soil type (Villamor et al., 2016; 2014). The
PGA values were 0.42g for the September 2010 (Darfield) event, 0.12g for the February 2011
event, and 0.06g for the June 2011 event. The MSF (Magnitude Scaling Factors) used for the
computation of PGA magnitude-weighted values are from Idriss and Boulanger (2008). The

results of the computations are tabulated in Appendix Al).
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3.3 RESULTS

The Hardwick site

3.3.1. Geomorphic association
At the Hardwick site, Villamor et al., (2016; 2014) reported that surface manifestation of

liguefaction was spatially associated with a crevasse splay of the Halswell River (Figures 3.3
and 3.4). The crevasse splay overlies an abandoned meander channel and associated point-
bar deposits. They found that liquefaction ejecta was not sourced from the crevasse splay but

from layers, 4 m deep, that were not exposed in the trenches.

The detailed liquefaction map (Figure 3.3), developed as part of the present work, suggests
that the source of the liquefaction features is likely to be the abandoned meander channel
below the crevasse splay. This interpretation is based on the detailed spatial pattern of the
mapped sand blows and the shape of the paleochannel. More specifically, a) the sand blows
are aligned parallel to the paleochannel margin near the northern part of the crevasse splay;
and b) the sand blows form arcuate lineations likely reflecting point bar deposits along the
inside bend of the buried paleochannel. The crevasse splay appears to have contributed to

the infilling of the paleochannel and burial of the point bar deposits (Figure 3.3 B).
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Figure 3. 3 Geomorphic map and September 2010 liquefaction surface manifestation (in black) at the Hardwick site (Halswell
River, Greenpark 24 km southwest of Christchurch). The geomorphic map was built using the aerial photos of Tai Tapu area
(Almond et al., 2010b) and the digital elevation model obtained from LIDAR. A. Liquefaction is localized on the crevasse splay
deposit (coloured in light yellow) that buries the northern half of the abandoned meander channel. Note minor liquefaction
in the inner part of the southern half of the meander (outside the crevasse play). B. Detail of the liquefaction surface
manifestation in the area of detailed field studies. Note the trend of mapped liquefaction ejecta, parallel to buried meander
channel edge and delineating trends similar to point bar shape in the inner part of the meander. The stratigraphic transect is

the black thin line with location of sCPT and trenches shown.

Figure 3. 4 Aerial photos of the Hardwick property in Greenpark area, taken after the liquefaction occurred during the
September 2010 earthquake event. This photo shows sand blows within the abandoned channel and associated point bar
deposits. Blisters cannot be seen in the aerial photo but were identified at the edge of the relict channel in the field inspection.

The locations of the 2012 field campaign trenches are also shown.
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3.3.2 Sediment architecture
At the Hardwick site, a 586-m-long stratigraphic cross section was developed (Figures 3.5-3.6)
in order to understand the sediment architecture. The transect at the Hardwick site has a
northern trend originating at Trench HWK®6, passing through Trenches HWK1, HWK5, HWK4b,
and finishing at Trench HWK4a on the floodplain (Figure 3.5). The highest topographic area of
the transect coincides with the crevasse splay (5.4 m a.s.l.) while the lowest area (4.2 m a.s.l.)

corresponds with the floodplain to the northwest of the crevasse splay.
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Figure 3. 6 Detail of the
stratigraphic cross section
across the paleochannel at the
Hardwick site. Note the trench
stratigraphy is very simplified
with only some of the units
named to match stratigraphic
units defined in the text. For
full details on the trench
stratigraphy and the soil
profile the reader can refer to
Villamor et al 2014, 2016. The
red frame shows the possible
liquefied layer according to
the grain size analysis (see
text). Elevation in meters on
the vertical axis and Distance
in meters on the horizontal
axis.
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The stratigraphy is divided into units M1, M2a, M2b, M2c, M3, M4 and M5. Units M1, M23,
M2b, M2c, M3 observed in the trenches and the cores correspond with, or are subdivisions
of, units M1, M2 and M3 of Villamor et al. (2016; 2014). Units M4 and M5, defined here for
the first time, are based on the soil behaviour column (SBT) derived from the sCPT data (

Appendix Al). A summarised description of these units and their origin is presented next.

3.3.2.1 Crevasse splay (M1)
The crevasse splay is characterized by an organic rich topsoil and an alternation of loamy silt

and very fine sandy layers in the subsoil (Taitapu family LCR, 2016). This unit varied in colour
from yellowish to grey with common redox segregation features. The crevasse splay deposits
form the uppermost unit that underlies the higher southern part of the cross-section. The
crevasse splay deposit lower boundary was identified as: an abrupt erosional contact beneath
soil unit 5Cg in Trench HWK®6; the lower boundary of soil unit 2bCg in Trench HWK1 (down to
94 cm depth); and the lower boundary of soil unit 6Crl in Trench HWK5 (down to 1.59 m
depth) (Figure 3.6) Villamor et al (2016; 2014). This contact could also be identified on the
GPR profile (Figure 3.7) as a strong reflector between 0.7 and 1 m depth corresponding with

an organic rich layer directly underlying the crevasse splay sediment.

m 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Legend
< >

HWK6 HWK2 HWK1 HWK5 e

----- Soil contact

Figure 3. 7 500Hz GPR image at Hardwick site. Black rectangles indicate trench positions. Dash black line is the strong soil
reflector due to a change in geophysical properties at nearly 1 m depth. The boundary is inferred to represent the base of
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crevasse splay deposits (M1 macrounit). Depth from the ground on the vertical axis in meters and Distance in meters on the
horizontal axis.

3.3.2.2 Abandoned meander channel (M2)
Unit M2 represents sediments associated with the abandoned meander channel. Two types

of deposits were identified: the upper section was characterized by channel fill deposits
(M2a); while the bottom section was characterized by paleochannel floor deposits grading
into point bar deposits on the southern margin (inner part) of the paleochannel meander

bend (M2b).

3.3.2.2.1 Channel-fill deposits; M2a
The upper section of the paleo channel was occupied by fine sediment such as clay and silty

clay. The upper layer of unit M2a is identified as: the sandy layer 3bCg which grades into a
silty loam layer of 4b2Cg of Trench HWK1; and the silt loam layer 6Cr2 of Trench HWKS5. The
lower boundary of this unit was identified as: the base of the silty clay and peaty mixtures
recorded from the seismic CPTs 4 and 5; the silty layer identified in Core 2 of Trench HWKS6;
the silty clay unit identified in the auger of Trench HWK1 (auger units 4b2CR, 5b3A); and the
peaty clay layer in the first section of the core of Trench HWKS5 (unit 7bOh and blue core
portion beneath it, Figure 3.6). The steep inclined edge in Figure 3.5 and 3.6 of unit M2a is
delineated based on the lack of silty and clay layers in Core 1 of Trench HWK®6, and also on
the geomorphic location of the abandoned meander channel margins from the geomorphic

map (Fig. 3.3).

3.3.2.2.2 Paleochannel floor deposits; M2b
Unit M2b had a sandier texture than M2a, varying from very fine sand to fine sand. Unit M2b

was identified as: the soil layers 6bA-6Cg at Trench HWK6 (Figures 3.5 and 3.6, and Figure 3.8

for more details on Trench HWK6); the sandy soil units of Tube 1 and Tube 2 of Core 1
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between 3.8 and 2.0 m a.s.l.; and the second section of Core 1 at HWK5 between ~ 2.8 and

1.5ma.s.l. .
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Figure 3. 8 Log of Trench HWK 6 (E, east wall) (from Villamor et al., 2014). Note that the crevasse splay deposit (M1 in text) is composed of units M1 fine sand, M1 medium sand, M1 silt, and M1

silt loam in the figure. Units M2 medium sand, M2 fine sand and M2 silt in this figure correspond to M2a in text. Note modern liquefaction on top of the crevasse splay in red.
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It was not possible to clearly outline the bottom boundary of unit M2b across the SBT columns
4 and 5, since the seismic CPT profiles do not record subtle changes in texture. Hence the
bottom boundary of the M2b unit is dashed in Figs 3.5 and 3.6. As per unit M2a, the steep

lateral margins are inferred from the channel boundaries delineated in the geomorphic map.

3.3.2.3 Floodplain deposits (M2c)
The channel deposits described above are embedded within floodplain deposits (M2c), the

surface of which forms the lowest elevation parts of the cross-section of Figure 3.5. Unit M2c
comprises fine and medium sand identified in tubes 3 and 4 of Core 1 at Trench HWKG® site,
fining upward as observed in the clay-silt mixtures with thin sandy deposits, in seismic CPT1
and at Trench HWK4a where they were exposed. The soil profile at Trench HWK4a consisted
of: a topsoil (0- 30 cm depth); a strongly gleyed loamy silt layer (30 to 48 cm depth); a peat
layer (48 to 70 cm depth); and bluish-grey clean very fine (liquefiable) sand at the bottom,

down to 3.40 m a.s.l.; (Figure A 14 in Villamor et al., 2014).

3.3.2.4 Macrounit 3 (M3) — pre-channel sand
Macrounit 3 is characterized by sandy sediment identified in the SBT columns of the seismic

CPTs that currently lies at an elevation below sea level. No core reached this depth, therefore

it was not possible to investigate further differences in grain size.

3.3.2.5 Clay layer (M4) — pre-channel clay
Unit M4 is interpreted as a thick clay layer on the basis of the SBT from the seismic CPT data.

The top of the layer shows little relief, being located at 8 m depth under the crevasse splay
and 7 m depth under the floodplain (Figure 3.5). The thickness of this layer was constant along
the whole transect. Unit M4 was tentatively interpreted as Christchurch Formation estuarine

and swamp sediments.
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3.3.2.6 Sandy to Gravel unit (M5)
Unit M5 is the deepest unit revealed by the SBT columns. Because of the scope of this

research, the sCPT were all stopped once the first gravel surface was reached and thus the
thickness of this unit is a minimum. Unit M5 was identified as the Halkett Member of the
Springston Formation in the Canterbury Plain (first gravel formation below the Canterbury

plains in this region).

3.3.3 Age of the sedimentary sequence
The age of the crevasse splay was interpreted from the age of trees (some in growth position)

rooted or embedded in the soil unit 6bA buried by the crevasse splay. (refer to Figures 3.5
and 3.6 for locations of all radiocarbon samples for the Hardwick site, and to table S1 in the
electronic supplement for a complete list of sample ages) These are: a large piece of wood,
buried and in growth position within unit 6bA, yielding an age of 641+20 **Cy B.P. (AD 1311-
1404; sample HWK T6-C10); a piece of wood rooted in growth position in 6bA and extended
into 5Cg yielding an age of 721+18 *Cy B.P. (AD 1282-1383; sample HWK T6-C12); and a piece
of wood from a tree in horizontal position rooted within the buried soil unit of 6bA yielding
an age of 641+19 1*Cy B.P. (AD 1314-1404; sample HWK T6-C14). These ages are corroborated
by: 1) the age of clods of peat found at the base of the crevasse splay in unit 5Cg with an age
of 668+18 4C y B.P. (AD 1300-1395; sample HWK T6-C7), that most likely are remnants of
vegetation from the buried surface; and 2) the much older age of sediment belonging to the
stratigraphic unit below the crevasse splay (M2b and in particular the soil unit 6bA, see

below).

The minimum age of the top unit M2a is inferred from plant fragments retrieved from soil

unit 7bOh1 at Trench HWKS5, which yielded the age of 628+18 4C y B.P. (AD 1318-1405;

87



Chapter 3

sample HWK T5-C1, Figure 3.6 and more details in Villamor 2016;2014). This is essentially

identical to the age of the base of the crevasse splay, section 3.3.2.1).

The paleosoil unit 6bA is at least as old as the charcoal piece with an age of 2004118 **Cy B.P.
(48BC-AD109; sample HWK T6-C5) found within it. A minimum age for the buried soil unit 6bA
comes from the age of the trees growing on it and can be identified at 641+19 **Cy B.P (AD
1314-1404; sample HWK T6-C14). This means that the buried soil on top of the stratigraphic

unit M2b had been forming for at least 1300 years.

The oldest age found within M2b, obtained from a sedge and grass fragment was 2932+20
14C y B.P (BC 1195-976; sample HWK6-C1-T2-S1, Figure 3.6) at ~2.6 m a.s.l. in Trench HWKB6.

The base of unit M2b is at least 0.5 m deeper than this sample, and thus must be older.

The age of unit M2c is inferred from: a small piece of wood in a buried forest layer at ~3.14 m
a.s.l. collected from Trench HWK4a, which yielded an age of 4695+ 24 '*Cy B.P. (3516-3197
BC, sample HWKT4a-C2, Figure 3.5); and a charcoal fragment from a peat layerat~2 ma.s.l.,
in the core at Trench HWK6, which yielded an age of 4807+27 “C y B.P (3638 to 3381 BC;
sample HWK6-C1-T3-C). The observation of such an old age characterizing the core sediment
~2 m a.s.l. beneath Trench HWK®6 corroborates that the sediment beneath unit M2b is the
same sediment as that exposed at Trench HWK4a, and that M2c was eroded by the river
activity at Trench HKW6 site. As a consequence, it is suggested that those two ages represent
the same geomorphic surface with nearly 1 m of difference in elevation, reflecting the relief
at the time. The initiation of deposition of M2c must be older than 3638 to 3381 BC as the
base of M2c is at least two meters deeper than the radiocarbon sample. The deposition of

M2c must have finished sometime after BC 3838-3381 and before BC 1195-976.
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In summary, the old meander channel crossing the Hardwick property (unit M2b) was active
and deposited sandy sediment for up to c. 3000 years, starting sometime between 3516-3197
BC (youngest age found in M2c) and 1195-976 BC (oldest age of M2b) and ending sometime
prior to 48BC-AD109 (oldest age of paleosoil unit 6bA, the soil developing on M2b when the
river abandoned the channel). The channel was then abandoned by the main flow of the river
and channel fill sediment was deposited in it (M2a). At HWK6 Trench site, M2b was exposed
and soil formed on it between 48 BC-AD 109 up to at least AD 1314-1404 (nearly 1300 years).
A peaty clay unit (7bOh1) on top of M2a at Trench HWK5 was dated to AD 1318-1405 (from
Oxcal analysis by Villamor et al., 2016). The consistency in dating suggests that soil units 6bA
in unit M2b and the soil unit 7bOh1 in unit M2a can be considered the same soil stratigraphic
unit, cutting across both M2a and M2b. Both sites were subsequently buried by the crevasse

splay at c. AD 1300-1400.

3.3.4 Identifying the liquefaction source layer
This section describes the approach taken to identify the liquefaction source layer and its

depositional setting in two steps: visual inspection of cores, and grain size correlation

between sediment retrieved in cores and ejecta, at each trench site.

3.3.4.1 Visual inspection of cores
Visual inspection of cores revealed soft sediment deformation in the channel-fill sands of unit

M2b at ~ 3.7 m a.s.l. (core 1 of Trench HWKS5). A sandy injection (sill) within a clay unit was
present at 1.88 m depth. This inference was based on an analogous sill exposed at the bottom
of the Trench HWKS5 (Figure 3.10). Clay rip-up clasts were found at ~ 2.20 m a.s.l. embedded
in a fine sand unit with silty- sand laminations at the base (Figure 3.9). Although the isolated
presence of rip up clasts and sill- like injections do not necessarily indicate liquefaction

processes triggered by an earthquake, the extensive liquefaction features characterizing the
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study area and exposed in Trench HWK 5 (Figure 3.10) leads to the conclusion that the soft

sediment deformation observed in the core of Trench HWK5 may be related to the same

Chapter 3

liqguefaction event. Therefore, the layer between 2 and 2.50 m a.s.l. beneath Trench HWK5

may be the source layer for surface ejecta.
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Figure 3. 9 High resolution photography from the core scanner and stratigraphy of the first and second sections of HWK5
core. Note sill injection and soft sediment deformation in parts of the cores. Top most unit names are from trench descriptions
(Figure 3.8). Cl, clay; Si, silt; VFS, very fine sand; SS, silty sand, FS, fine sand. Sediment core down to 2.5 m depth (from ground
level) is unit M2a in text and down to 3.72 m is unit M2b in text.
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3.3.4.2. Grain size correlation at Trench HWKS
Thirteen grain size samples were collected from Trench HWK5. On the west wall, eight

samples of liquefied sediment (GS1, GS2, GS3, GS4, GS5, GS6, GS7, GS8) were collected from
a surface ejection vent area, and vertically along a dike at different depths. Five more samples
were collected on the east wall (GS100, 101, 102, 103, 105) (Figures 3.10 and 3.11) from
different surficial sand blow units. Five samples were collected from the cores at different
depths (depth in parenthesis): T5C1T180 (2.68 m), T5C1T220 (2.98 m), T5C1T240 (3.18 m),

T5C1T260 (3.38 m), T5C1T280 (3.58 m).

- liquefaction
E topsoil
_ M1 fine sand
I mi silt
B Vi1 loam
l: M2 clay
- M2 fine sand
B vzsit
- M2 loam
- M2 peat
- sedge

@ radiocarbon sample
. grain size sample

HWKTS-C1{ *

not recovered

Hardwick 5W

Figure 3. 10 Log of Trench and Core at HWK5, west wall from Villamor et al.,(2016; 2014). M1 (fine sand, silt and loam) in this
figure corresponds to the crevasse splay of Figure 3.5 and 3.6 and M2 (all sub-units) corresponds to M2a in text (channel fill
deposit). Note also location of grain size samples taken along the dike (GS3, GS4, GS5, GS6, GS7, GS8) and the sand blows
(GS1 and GS2).Red colour is liquefied sand (dikes, sills, and sand blows).
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Topsoil (+)GS-105

Figure 3. 11 Grain size samples from Trench HWKS5, East wall. Grey is the 2010 topsoil unit and red is the liquefied sand (dike
and sand blow). The samples were taken from different sand blow units recognized in the field as different liquefaction events
or pulses with an event: GS-100 from unit L1,5 (0-2 cm depth); GS-101 from unit L1,4 (3-6 cm depth); GS-102 from unit L1,3
(3-6 cm depth); GS-103 from unit L1,1 (10-13 cm depth); and GS-105 from unit L1,1 but from a more distant location to the
vent that sample GS-103 (50-60 cm)

Figure 3.12 shows examples of grain size distribution curves of a sample collected from the
sand blow at Trench HWK5 and of a sample collected from the core retrieved at the same
trench site. River sediment generally displays a poorly sorted, and thus multimodal (also
called multigaussian) grain size distribution curve (see methods section). From the samples
analysed, the multimodal grain size distributions were often characterised by abundant
modes in the coarser fractions (e.g. fine sand modes) and fewer (less significant) modes in the
finer fractions (e.g. clay and silt or coarse silt) — see for example Fig. 3.12a. In contrast, a silty
sand (Fig. 3.12b) had more significant modes in the fine fractions but was still dominated by
large modes in the coarse fraction. Clean sandy sediment will have cumulative curves similar
to Tsuchida’s (1970) sand curves (Figure 3.12 c), whereas silty mixtures are likely to have
cumulative curves dissimilar from Tsuchida’s (1970) curves, crossing liquefaction-soil-

behaviour boundaries towards the finest range of grain size (Figure 3.12 d). These

characteristics are relevant to the interpretation below.
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Figure 3. 12 Panels a and b are probability density functions of the mixdist analysis of a better sorted clean sandy sediment
vs multimodal poorly sorted grain size distribution at the Hardwick site. Panels c and d are cumulative distribution curves with
Tsuchida’s (1970) liquefiable soil boundaries. Panels a and c illustrate grain size samples taken from a sand blow unit at
Trench HWKS5; note the high peak in the fine sand range and the good fit of the cumulative curve to Tsuchida’s (1970)
liquefiable sediment boundaries. Panels b and d represent a grain size sample collected from a core retrieved at HWK5 at
nearly 2.68 m depth. The core sample was characterized by a mixture of silty sand; note the peaks also in the clay and silt
range (from 0.0 to 1.0 of the log 10 scale). As a consequence, the corresponding cumulative curve (panel d) crosses the
boundaries of the Tsuchida’s (1970) liquefiable range.

Figure 3.13 shows results of cumulative grain size distribution curves from Trench HWK5 east
and west walls, and from the core. The samples from the east wall, collected from a different
part of the sand blow, are sandier and they all fall in Tsuchida’s (1970) liquefiable soil area
(Figure 3.13 a). In contrast, the samples from the west wall and the core appear less
homogeneous and are characterized by a mixture of silty sands (Figure 3.13 b and c). The
latter curves cross Tsuchida’s (1970) soil boundaries and partially fall in the liquefiable area

(for its sandier fraction), although its finer fraction does not.
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Figure 3. 13 Cumulative grain size distribution curves of samples at Trench HWK5 site with Tsuchida’s (1970) liquefiable soil
boundaries. a) Samples from the sand blow on the east wall. b) Samples from the west wall. HWK5 GS1 is from the sand
blow, and all the other samples are from different depths of the dike. c) Sediment samples from the core at HWKT5 Trench
site.

From the comparison of Tsuchida’s (1970) cumulative curves at Trench HWKS, it is clear that
the sand blow grain size samples are better sorted and they all fall in Tsuchida’s (1970)
liquefiable range, while dike samples belong only partially to the liquefiable range defined by
Tsuchida’s (1970) cumulative curves. However, both represent liquefied sands. The similarity
of all the grain size samples from the east wall of the trench, which were taken in different

sand blow units, suggest the ejecta probably had the same source and underwent similar
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sorting processes during emplacement. All core sediment would appear only potentially

liquefiable.

3.3.4.3 Mixdist Analysis
The second step of the grain size analysis involved matching the subpopulation modes from

the cores with the modes of surface ejecta as a means of identifying the source of the ejecta
(see methods section for details). Results of the similarity metric (S) classification are showed

in Table 3.1.

TABLE 3. 1 Visual correlation at site HWK5 between core samples and dike and sand blows samples
from the west and east walls

West Wall Trench HWK5 East Wall Trench HWK5
Trenches

GS GS102 | GS103
101

Cores

GS105

T5C1T180 | 0.6 06 |04 |05
(2.68 g.l.;

3.1a.sl.)

Unit M2a

T5C1T220 0.5
(2.98 g.I.;
2.8 ma.s.l.)

T5C1T240
(3.18 g.l.;
2.6 as.l.)
T5C1T260
(3.38g.1,;
2.4as.l.)

CORE SAMPLE (depth in -m)

Unit M2b

0.5 | 0.5 0.5

0.4

0.5

T5C1T280 06 |06 |06
(3.58 g.l.;

2.20a.s.l.)

0.6

Red= high value of S (0.8 to 1); yellow= S value from 0.8 to 0.4, green= low value of S from 0.4 to 0; g.l = ground level; a.s.I=
above sea level

A higher S value occurred in samples T5C1T180, T5C1T240, T5C1T280 at 2.68, 3.18 and 3.58
m depth from the ground (3.1, 2.6, 2.4 m a.s.l. in Figure 3.5), respectively, and they all
occurred in Unit M2b. Furthermore, sample T5C1T280 was selected very close to the core

portion in which there were rip up clasts, further supporting the inference that M2b is likely
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to be the source of ejecta at the Hardwick site, in the vicinity of Trench HWKS5. Figure 3.14

summarizes evidence to identify the layer that liquefied and supplied ejecta at Trench HWKS5.

sCPT4 Elevation Fs Value
from

PRI 1o Trench and core visual inspection Potential

- — ; liquefiable

— layer ?
- -CGESlraLurapLy - Y—WQIGL ta_b"g

- W
Tube 2 = '
= | M2b
+1.6 g, W
0.4
24
44
Legend

M Grain size (GS)
Sample

6.4

Figure 3. 14 Synoptic diagram presenting different types of evidence for identifying the liquefiable layer at Trench HWK5 (the
red box). The tests used at this site are seismic CPT, paleoseismic trench, core, grain size analysis. See text for details of
evidence for liquefaction from different techniques. See Figures 3.5 and 3.6 for the legend of the stratigraphic units.

3.3.4.5 Grain size correlation at Trench HWK6
In Trench HWK6, samples from paleo- (HWK GS1 and GS2) and modern liquefaction features

(HWK GS3 and 4) were collected. Grain size samples were collected along the cores every 20
cm. Locations of grain size samples and detailed core descriptions can be found in Villamor et
al.,, (2014). The cumulative diagrams (Figure 3.15) showed that both modern and
paleoliquefaction samples fall in the liquefiable range. However, the samples collected from
the cores have a higher variability (Figure 3.15 a). The first two sections of Core 1 HWK®6,

between ~2.5 and 3.9 m a.s.l. were characterized by an alternation of laminated silt and very
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fine sand, resembling point bar deposits. They fall in Tsuchida’s (1970) “potentially liquefiable
area”. The third and fourth sections of Core 1 HWK®6, between ~ 0.4 and 2.1 m a.s.l. comprised
massive, fine and medium, clean sand. The latter sand occurred within Tsuchida’s (1970)

“liquefiable soil range”.

1 HWK6 CORES

0.8

Polentially
Liquefiabia sa

Liguefiable soil

0.6

0.4

0.2
P
0.0 0.1 1 10
=== T6C1T120 —T6C1T140 -T6C1T160 T6C1T220 -==T6C1T240
---T6C1T260 =—=TECIT320 —T6C1T340 —TEC1T3I60 --=T6C1T420
—T6C1T440 —THCIT460 ~——T6C1T480 wmmTSUCHIDA
1 HWK6 Modern Liguefaction Samples 1. HWK6 Paleolique
0.8 Poternaily Liquefiabie sl 0.8 Eotarily bk s
Liquafiabia sail f Liquafabia zail
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Figure 3. 15 Cumulative grain size distribution curves of samples at Trench HWKG6 site with Tsuchida’s (1970) liquefiable soil
boundaries. a) Cumulative curves for grain size samples from cores. b) Cumulative curves for modern liquefaction samples
(HWKGS3 is a modern dike, HWK6GS4 is a modern sand blow). c) Cumulative curves for paleoliquefaction samples (HWKGS1
and HWKGS2 are samples from a paleodike on the trench floor, see Villamor et al., 2016 for paleodike description).

Table 3.2 shows the grain size subpopulation similarity metric (S) of the samples collected in

Trench HWK6. The modern liquefaction samples (GS3 and GS4) at HWK6 matched best with
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samples from 3.9 to 4.8 m depth from g.I°., which corresponds to unit M2c (Pre-channel
sands). The paleo liquefaction sample (GS1) also had a strong similarity to core sediments
between 3.9 and 4.8 m depth from g.I. However, paleoliquefaction sample GS2 did not show
a consistent S value with any area of the cores apart from at 1.9 and 4.4 m depth from g.I. No
high S value was found with the samples collected in core 2 at HWK®6, except for the modern
liguefaction samples and a core sample at 1.51 m depth from g.l. (Table 3.3). From Figs 3.5
and 3.6, it appears that this core, which extended to only 3.0 m depth from g.l., did not reach

the liquefiable layers beneath Trench HWK®6.

TABLE 3. 2 Visual correlation at site HWK6 between samples from Core 1 and modern and old
liquefaction features from the East wall of Trench HWK®6.

GS1 GS2 GS3 GS4
Paleodike (on | Paleo dike Modern dike | Modern sand
the floor) blow

0.6 0.6 0.6

Trench

T6C1T120

1.7mg.l;
3.8 ma.s.l.

Cores

T6C1T140
1.9mgl,;
3.6 ma.s.l.
T6C1T160
2.1mgl,;
3.4ma.s.l.
T6C1T220 | 0.6
26mgl,;
2.95m
a.s.l.
T6C1T240 | 0.4
2.8mg.l,;
2.75m
a.s.l.
T6C1T260 | 0.6
3.0mg.l;
2.55m
a.s.l.
T6C1T320 | 0.6

0.4

0.6

Unit M2b

CORES SAMPLES (depth —m-)

6 g.l. is an abbreviation for ground level.
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35mg.l;
2.1 ma.s.l
T6C1T340 | 0.4
3.7mg.l;
1.9 ma.s.l.

0.5 0.4

T6C1T360
39mg.l;
1.7 ma.s.l.
T6C1T420
44 mgl,;
1.25m
a.s.l.
T6C1T440
46mg.l,;
1.05m
a.s.l.
T6C1T460
48 mg.l,;
0.95m
a.s.l.
T6C1T480
50mg.l;
0.75m

a.s.l.

Red= high value of S (0.8 to 1), yellow= S value from 0.8 to 0.4; green= low value of S from 0.4 to 0; g.l = ground level; a.s.I=
above sea level

0.4

0.6

0.6

Unit M2c

0.4 0.6

CORES SAMPLES (denth —m-)

0.5 0.5

TABLE 3. 3 Visual correlation at site HWK6 between samples from Core 2 and modern and paleo
liquefaction features from the East wall of Trench HWK®6.

Trench GS2
Paleodike
Cores

T6C2T120 0.6

1.51g.1;; 3.69 a.s.l.
< T6C2T140 0.4 0.5 0.5
< 1.71g.l.; 3.49 a.s.l.
§ _ | T6C2T160 0.4 0.6 0.5 0.6
- g 1.91g.l.; 3.29 a.s.l.
5 | £ | TeC2T180
S | 5 |211gl;3.09as.l
S T6C2T220 0.4 0.6 0.5
2 2.41gl;2.79 as.l.
S T6C2T240

2.61g.l.; 2.59 a.s.l.

T6C2T260 0.4 0.4
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2.81g.l.;2.39a.s.l.
T6C2T280

3.01g.l;2.19as.l.
The grain size analysis by mixdist for Trench HWKG6 is not as robust as for samples collected at

0.5 0.5

Trench HWKS (Table 3.1). However, in general terms it supports the inference that Unit M2c
(floodplain deposits) between 0.5 and 2.20 m a.s.l. is the likely source layer for ejecta at

Trench HWK6 and not the overlying unit M2b (point bar deposits).

3.3.5 Factor of Safety analysis
Detailed analysis of the seismic CPT results can be found in Appendix Al electronic support

of this Chapter. The Factor of Safety (FS) diagrams (Figure 3.16) revealed that all the sites
selected for sCPT at the Hardwick site were likely to have experienced liquefaction during the
three major earthquakes. Most of the sCPT profiles show FS < 1 for all depths, except for
sCPT1 and sCPT3 profiles where FS > 1 between 10 - 12 m and 12 - 14 m depth, respectively.
A FS> 1 occurs where the penetrometer encounters gravel, which is not commonly liquefiable
because of the coarser size of the sediment and the higher permeability, which do not allow
the build-up of a pore water pressure sufficient to trigger liquefaction. The sCPT results
indicate that a gravel occurs between 9 and 12 m depth beneath the Halswell floodplain at

the site.
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Factor of Safety Diagram at Hardwick Site
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Figure 3. 16 Factor of Safety Analysis at Hardwick site. Note the FS is less than 1 across most of the profile analysed. FS >1
only occurs at sCPT 1 and 3 between 9 and 12 m depth (from ground level) due to the gravel encountered. The stratigraphic
units identified at Hardwick site (M1 to M5; Figure 3.5) are superimposed on the sCPT results.
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At Trench HWKS5, sCPTs 4 and 5 (Figure 3.16) show the lowest FS (0.1) for layers M2a and b.
Coincidence with other lines of evidence suggests unit M2b is the likely ejecta source despite
FS < 1 in layers below. It is possible that the liquefaction susceptibility of the liquefied layer
has changed after liquefying (that is always an intrinsic problem of CPT analysis after the
event); however, these results suggest that the layer that liquefied in 2010-2011 was still

highly liquefiable in 2015 when CPT data were obtained.

Seismic CPT 3, 2 and 1 were located in the floodplain, where there was no surface
manifestation of subsurface liquefaction, to study the stratigraphic differences among the
landforms with and without surface ejecta. The results of the FS computation revealed that
the floodplain is also likely to experience liquefaction (FS<1) with some layers having FS< 0.1,
a similar susceptibility to those found in M2b within the meander channel. The lack of
expression of surface manifestation of liquefaction must relate to other conditions that do
not allow the liquefied sediment to surface. Drained conditions are highly unlikely based on

the soil characteristics (Villamor et al., 2016)
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3.4 The Marchand Site

3.4. 1 Geomorphic association
At the Marchand site, Villamor et al., (2016; 2014) suggested that sand blows had a strong

spatial association with two subtle ridges on the inside bend of the Halswell River floodplain
(Figure 3.17). The detailed geomorphic map shown in Figure 3.17 suggests that the two ridges
could correspond to different depositional settings. The northern (outer) ridge, named BO bar,
and the southern (inner) ridge, B1 bar, were each severely affected by liquefaction, B1 more
so. From the aerial photos (Almond et al., 2010b) it is obvious that the ejecta on the outer
ridge have an olive-brown colour, whereas the ejecta on the inner ridge are grey (Figure 3.17

b).
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Figure 3. 17 Marchand site a) Geomorphic map and CES Liquefaction surface manifestation (in black) at the Marchand site (Halswell River, Greenpark, 24 km southwest of Christchurch).
Liquefaction surface manifestation occurs along two scroll bars (higher elevation areas mapped in yellow and labelled BO and B1). Also note more substantial liquefaction affecting B1 bar. Black
lines are location of stratigraphic transects. Also, note location of trenches and sCPTs; b) Aerial photos of the Marchand site taken after the September 2010 earthquake. These aerial photos

show the difference in colour of the ejecta on BO (olive-brown) and B1 (grey).
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3.4.2 Sediment architecture
At the Marchand site, two topographic cross sections were built perpendicular to the Halswell

River (Transect 1 is 230 m long; Transect 2 is 160 m long; Figure 3.17) in order to map the
stratigraphy and support identification of source layers for surface ejecta. On both transects
the higher topographic areas correspond with the two bars, whereas the swales and the

floodplain occupied the lower elevation areas (~ 5.4 m a.s.l.).

Transect 1 crosses B0 bar at Trench Mar 17 (and associated Core 1 Mar 1) and B1 bar at Trench

Mar 3 (and associated Core 1 Mar 3). The transect ends at sCPT3 (Figure 3.17 and 3.18).

7 For abbreviations the trenches at Marchand site are called Trench Mar 1= Trench Marchand 1; Trench Mar 2=
Trench Marchand 2; Trench Mar 3= Trench Marchand 3
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Seismic CPT1 has been projected onto Transect 1 but is located ~40 meters north-eastward
on the point bar. Seismic CPT2 is physically located along Transect 1 (Figure 3.17). Trench Mar
4 is also projected onto Transect 1 as it was excavated nearly 50 m north-eastward of Transect
1 and, within the same point bar (Figure 3.17). Trench Mar 4 has a similar stratigraphy to
Trench Mar 1, hence it makes a contribution in defining the stratigraphy beneath BO bar. One

(1.5 GHz) GPR profile was surveyed along Transect 1 (Figure 3.19).

Marchand 1 Marchand 3
0 0 20 30 00 _—
il e s 'k ¥ : ':j == T -
23
> < rd

«——> moderate liquefaction
£ 5 severe Liquefaction
soil contact

Figure 3. 19 GPR image along Transect 1 at the Marchand site with 1.5GHz GPR Antenna. Maximum resolved depth shown
on image is 2 m. Note disturbed reflectors at areas where liquefaction was identified at the surface; however, not all
liquefaction disturbance can be clearly seen in the radar-gram. In this radar-gram it is also possible to identify an en-enchelon
structure that likely resembles the point bar stratigraphy. Horizontal and vertical scales are in metres.

Transect 2 (Figure 3.20) was oriented parallel to, but south of, Transect 1 and also crossed
both ridges. The stratigraphic cross-section along Transect 2 was inferred from nine auger
holes (Almond et al., 2010a) and a GPR profile at 1.5 GHz (Figure 3.20). Villamor et al. (2014)
sedimentary units have been refined here and renamed according to the BO and Bl

terminology.

In general, the stratigraphy of a point bar is characterized by a coarser sandy deposit occurring
at the base of the bar, while overlying (cross) stratified sand and silt distinguish the different
steps of river migration or lateral point bar accretion (Chapter 1, Figures 1.9 and 1.10). The
uppermost unit includes very fine sediment such as silt, loamy silt and clay deposited as part

of a vertical accretion.
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Figure 3. 20 Transect 2 at Marchand site. Panel 1 shows GPR image (1.5GHz GPR) antenna overlain by stratigraphy from
auger hole (A1 to A10) data by Almond et al (2010a), Panel 2 shows interpretation of units BO, B1 clay peat unit and B1 sandy
component unit. Depths measurements are expressed in elevation above sea level. Note that radar gram has not been
corrected for topography. Depth in meters on the vertical axis and Distance in meters on the horizontal axis.

Unit B1 represents the oldest deposit at the site in the area of surface ejecta. It comprises
clean sands forming (scroll) bar B1, most distant from the river, and underlies bar BO. In
Transects 1 and 2, unit B1 fines in the south-east, but plunges beneath BO in the northwest,
being separated by a buried soil horizon of the peaty clay unit. Beneath the buried peay clay

unit the sands of B1 are stained olive-brown, and these sands were also observed in the ejecta
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between 15-30 m and 20-50 m along Transects 1 and 2, respectively, and at Trenches Mar 1

and Mar 4.

Unit BO is represented by the clean sand unit in sCPT1 and very fine sandy beds in Trench
Marl and Core 1. In the auger holes of Transect 2, BO includes sandy loams, silty loams and
silts. Where exposure permits, it appears that BO contains a greater proportion of fines than

the older B1.

A close look at Transects 1 and 2 shows that sand blows were larger along the wider point bar
B1. This could have been caused by a larger volume of liquefiable and water-saturated sand
within unit B1. Figure 3.18 shows that the ridge seems to be located over a thicker section of
unit B1 (6 m thickness of water saturated sand), while the point bar (B0) has ~ 1 m thickness

of the BO unit and another 1-2 m of water saturated sand belonging to B1.

3.4.3 Age of the sedimentary sequence
Unit B1 is undated, although it must predate the buried peaty clay unit that overlies it. Plant

material at the base of the peaty clay unit beneath Trench Mar 4 (3.06 m below the surface,
and close to the top of B1) yielded an age of 1918+20 *Cy B.P. (AD 73-206; sample MAR4 C1-
T2-S1) (Figure 3.18). Plant material from the top of the clay peat unit (1.77 m below the

surface) was dated at 709+19 *Cy B.P. (AD 1286-1386, sample MAR4 C1-T1-S1) (Figure 3.18).

Together the ages define a period from AD 73 to AD 1400 (at the outer limit) when the river
was absent from this site and a soil formed with only minor accumulation of clay overbank
sediment. Unit BO must be younger although ages from detrital organics within it yielded ages
that were older then AD 1400. A lump of sediment with embedded fragments of charcoal,
from unit 4Cg ~1.30 m deep on the east wall of Trench Mar 1 gave an age of 861+18 *Cy B.P.
(AD 1187-1268; sample MAR T1-C6), while a piece of wood (at 2.9 m below the surface)
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yielded an age of 1009+18 **Cy B.P. (AD 1024-1148; sample MAR1-C1-T2-S1), Figure 3.18. The
age reversals created by these two samples are reconciled in terms of erosion and reworking
of wood and organics from the underlying peaty clay unit into unit BO. The ages afforded by
the two samples in unit BO are bracketed by the period in which the peaty clay unit formed,

corroborating the interpretation of reworking.

3.4.4 Characterizing the ejecta source layer at Trench Mar 1 and Mar 4
The grain size correlation of Trenches Mar 1 and Mar 4 is presented together as they both sit

on BO bar (Figure 3.17 a) and have similar stratigraphy.

3.4.4.1 Grain size correlation at Trench Mar 1
At Trench Mar 1, five grain size samples were collected from the sand blow on the northeast

wall of the trench (Figure 3.21a), namely MAR T1 GS1, MAR T1 GS2, MAR T1 GS3, MAR T1
GS4, MAR T1 GS5. Twelve samples were collected at different depths from the sandy portion
(BO and B1, see Figure 3.18) of Core 1 at Trench Mar 1 (M1C1T120, M1C1T140, M1C1T160,
M1C1T260, M1C1T320, M1C1T340, M1C1T360, M1C1T370, M1C1T420, M1C1T440,

M1C1T460, M1C1T480).
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Figure 3.22 (a and b) shows the cumulative frequency curves of grain size analysis at Trench
Mar 1 for samples collected from the core sections and from the stacked sand blows,
respectively. As seen at the Hardwick site, the samples from sand blows appear to be sandier
and better sorted and most of them fall into the Tsuchida’s liquefiable soil area of the grain-
size distribution diagram. However, most of the core samples are characterized by a mixture

of sand and silt and cross Tsuchida’s soil boundaries.
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Figure 3. 22 Cumulative grain size distribution curves of samples at Trench Mar 1 site with the Tsuchida’s (1970) liquefiable
soil boundaries. a) Curves from core samples; b) Curves from samples collected at different depths within the sand blow in
the trench. Sample locations in Figure 3.21.
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Table 3.4 summarizes the similarity metric at Trench Mar 1.

Chapter 3

TABLE 3. 4 Visual correlation at site Trench Mar 1 between samples from the Core and modern

liquefaction features.

Cores

Trench

Unit BO

M1C1T120
1.03g.l,;
4.77 a.s.l.
M1C1T140
1.23g.1,;
4.57 a.s.l.
M1C1T160
1.43g.l,;
4.37 a.s.l.

CORE SAMPLES (DEPTH-m)

Unit B1

M1C1T260
2.22g.l;
3.58 a.s.l.
M1C1T320
2.83g.l,;
2.97 a.s.l.
M1C1T340
3.03g.l;
2.77 as.l.
M1C1T360
3.23g.l,;
2.57 as.l.
M1C1T370
3.34g.l;
2.35a.s.l.
M1C1T420
3.83g.l;
2.15 a.s.l.
M1C1T440
4.03g.l,;
1.77 a.s.l.
M1C1T460
4.23gl,;
1.57 a.s.l.
M1C1T480
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443 g.l,;
1.37 a.s.l.

Red= high value of S (0.8 to 1); yellow= S value from 0.8 to 0.4, green= low value of S from 0.4 to 0; g.l = ground level; a.s.I=
above sea level Samples M1C1T420 through to M1C1T480 fall into the saturated golden liquefiable sand identified in Panel
2 of Figure 3.20.

3.4.4.2 Grain size correlation at Trench Mar 4
At Trench Mar 4, four grain size samples were collected in different portions of a sand dike

intruding a blister feature (Villamor et al, 2014, 2016) on the north wall (MAR T4 GS1, MAR
T4 GS2, MAR T4 GS3; Figure 3.21b), and from the related sand blow, MAR T4 GS4. From Core
1 of Trench Mar 4, eight grain size samples were collected from the sandy units at different
depths (M4C1T120, M4C1T122, M4C1T140, M4C1T220, M4C1T240, M4C1T260, M4C1T320,

M4C1T340).

Figure 3.23 illustrates the cumulative curves of Trench Mar 4 of samples collected from the
cores (Figure 3.23a) and in the trenches (Figure 3.23b) with Tsuchida’s (1970) liquefiable soil
boundaries. In both sets of samples (ejecta and core), cumulative curves had distinct fine tails,
reflecting a relatively high component of silt and clay. Thus, the cumulative curves do not fully
fall within Tsuchida (1970) liquefiable soil area but they cross the boundaries and are skewed
towards the fines, with the sand blow samples fitting somewhat better to Tsuchida (1970)

liguefiable soil area than the core samples.
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Figure 3. 23 Cumulative grain size distribution curves at Trench Mar 4 with Tsuchida (1970) liquefiable soil boundaries. a)
Curves for samples collected from the core sediment. b) Curves for samples collected from trenches; MAR4GS1, MAR4GS2,
MAR4GS3 are samples from a dike, and MAR4GS4 is a sample from a sand blow. Sample locations are shown in Figure 3.21.

Table 3.5 displays the correlation between sediment samples taken from the sand dike at

Trench Mar 4 (clearly injected by olive- brown sand, Villamor et al., 2016; 2014) and Core 1.
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TABLE 3. 5 Visual correlation at site Trench Mar 4 between samples from the Core and modern

liquefaction features.

Cores

Trench

CORE SAMPLES (Depth-m)

Unit BO

M4C1T120
1.53g.l;
4.67 a.s.l.
M4C1T122
1.55g.l.;
4.65 a.s.l.

1.73g.l;
4.47 a.s.l.

Unit B1

M4C1T220
2.53g.l,;
3.67 a.s.l.

2.73g.l,;
3.47 a.s.l.

M4C1T240

(4238119 -=1p)
TSOVLIYVIN
(4238119 -a)1p)
ZSOVLYVIN
(433s119-31p)
€SOVIYVIN
(mo|q pues)
SOVLYVIN

M4C1T140

M4C1T260
2.93g.l,;
3.27 a.s.l.

0.4

M4C1T320
3.53g.l;
2.67 a.s.l.

0.4

M4C1T340
3.73g.l,;
2.47 as.l.

0.4

Red= high value of S (0.8 to 1); yellow= S value from 0.8 to 0.4; green= low value of S from 0.4 to 0; g.l = ground level; a.s.I=
above sea level Samples M4C1T320 and M4C1T340 belong to the saturated golden liquefiable sand identified by Almond et
al 2010 and pictures in Panel 2 of Figure 3.20.

3.4.4.3 Characteristics of the ejecta source layer at bar BO
Multiple core samples at Trench Mar 1 and Mar 4 show high similarity to many of the ejecta samples.

However, at bar BO the distinctive colour of the ejecta (Fig 3.17b) allows the source sediment to be

identified with high confidence. Olive-brown sands in unit B1 closely matching the colour of the ejecta

occur immediately beneath the buried clay peaty unit at Trenches Marl (between ~ 2.15 and 1.37 m

a.s.l.) and Trench Mar4 (between 2.67 and 2.47 m a.s.l.) and in augers A1, A2 and A3 of Transect 2.

The olive-brown colour is most likely a redox phenomenon related to the demand for an electron
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acceptor other than O, Fe3' being one, during anaerobic decomposition of the peat.
Subsequent re-oxidation of Fe?* to Fe3* in oxygenated waters in the sand below would provide
the Fe oxide grain coatings to give the olive brown colour.

Despite the olive-brown sand having contributed to the surface ejecta, none of the samples taken
from it (M1C1T440, M1C1T460 at Trench MAR1, or M4C1T240, M4C1T320, M4C1T340 at Trench
MAR4) match well with the liquefiable soil field of Tsuchida’s (1970). Like most of the core samples, a
significant fine-textured tail overlaps the liquefiable, potentially liquefiable and sometimes even the

non-liquefiable fields.

Samples taken from the sand blow at Trench MAR1 and from the dike at Trench MAR4 (Fig. 3.24) are
much better sorted, having an attenuated fine tail, and match well with Tsuchida’s liquefiable soil field
(Figs 3.22 and 3.23). The comparison of the source sediment with ejecta is clear evidence of the sorting
process occurring during liquefaction, fluid flow and ejection. Variability of sorting within the sand
blow at Trench MARL1 is evident and appears to relate, at least partially, to depth in the sand blow:
deeper (earlier vented) samples tend to be less well sorted (samples MAR 1GS2 and MAR1GS4)
whereas later-ejected samples (Fig. 3.24 ) are better sorted (MAR1GS1 and MAR1GS5). In contrast to
the sand blow samples at Trench MAR1, all the four samples from the dike in Trench MAR4 retain a

fine tail, suggesting much of the sorting may occur during surface deposition of ejecta.
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Figure 3. 24 Probability density functions for grain size distribution of samples collected at Trench Mar 1 from different
portions of the sand blow Sample locations in Figure 3.21. Panels a and b from the base of the sand blow, panels d, and e
from the top of the blow, and panel ¢ from the middle of the blow.
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The certainty of identifying the source sediment for the ejecta at bar BO also provides an opportunity
to evaluate the efficacy of the grain-size based similarity metric for tracing the source. At Trench MAR1
there is a high similarity between the more poorly sorted ejecta samples (MAR T1 GS2 and GS4) and
the subsurface olive-brown source sediment (M1C1T440, M1C1T460), but poor matching where the
ejecta are well sorted (MAR T1 GS1, GS3 and GS5). At Trench MAR4, all but one of the grain size
samples taken from the dike or blow at this site matched well with the subsurface olive-brown source

layer. The exception was a dike sample (MAR T4 GS1).

It is important to note that the similarity metric identified other candidates for the source layer at
both trenches. The sample M1C1T320 in unit B1 at 2.83 m depth matched well with two ejecta
samples, and it too had an olive colour, so may well be a contributor. A sample from a grey sand at
2.22 m depth (M1C1T260) matched one of the ejecta samples, but any contribution of this layer (18
cm thick) must have been relatively minor considering the colour contrast. At Trench MAR4 a grey
layer immediately above the olive-brown sand and a couple (M4C1T120 and M4C1T140) of thin (~10

cm) grey sand or silty sand layers in BO deposits also show a good match.

3.4.4.4 Grain size correlation at Trench Mar 3
At Trench Mar 3 on bar B1, five grain size samples were collected from the dikes and sills in the west

and north walls of the Trench (Figure 3.21 ¢ M3GS100, M3GS101, M3GS104, M3GS200, M3GS201).
Six samples were collected from the sandy unit in Core 1 of Trench Mar 3 (M3C1T120, M3C1T140,

M3C1T160, M3C1T180, M3C1T220, M3C1T280).

Figure 3.25 shows the cumulative curves of samples collected from the cores and the trench, with
Tsuchida’s (1970) soil boundaries for comparison. A similar pattern emerges to other sites: most
samples collected from the core do not fit well within the liquefiable soil range because of their fine

tail, whereas samples from sills and dikes do.
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Figure 3. 25 Cumulative grain size distribution curves at Trench Mar 3 in comparison with Tsuchida’s (1970) liquefiable soil

boundaries; a) Curves from core samples; b) Curves from dikes and sills in Trench Mar 3.
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The comparison between the cumulative curves of cores and trench samples with Tsuchida’s soil

boundaries (Figure 3.25) suggests that samples M3C1T180, M3C1T220, and M3C1T280 may be the

ejecta source layer. These samples fall within unit B1 beneath Trench Mar 3.

The mixdist analysis at Trench Mar 3 was also inconclusive (Table 3.6). Some samples from the cores

did not show strong similarity to the ejecta samples. Furthermore, the buried peat and the distinctive

olive-brown sand beneath were absent (Fig 3.20) beneath bar B1, and all ejecta were grey (Fig. 3.17b).

Accordingly, it was impossible to unequivocally identify the source layer as at bar BO, although the

candidate appears to be a layer at 1.60 m depth in unit B1.

TABLE 3. 6 Visual correlation at Trench Mar 3 between samples from the Core and modern
liquefaction features.

Trenches

M3GS100 M3GS101 M3GS102 M3GS104 M3GS200 M3GS201
Modern sill Modern Modern Paleodike Sand blow | Sand blow
sill sill

Cores M3C1T\1\ZO\ 0.6 0.4 0.6 0.5 0.6

0 1.20g.1,;

< 4.6 a.s.l.

Q.

2 = M3C1T140 | 0.55 0.4 0.4 0.4 0.4 0.6

2 £ | 1.40g.l;

S 2l 44as.l.

S M3C1T160 | 0.5 0.5 0.5 0.6

& 1.60g.1.;4.2

O

o a.s.l.

Red= high value of S (0.8 to 1); yellow= moderate degree of similarity metric 0.8 to 0.4); green= low value of S from 0.4 to 0;
g.l = ground level; a.s.I= above sea level
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3.4.5 Factor of Safety analysis
The Factor of Safety analysis shown in Figure 3.26 revealed that all the sites selected for sCPT at the

Marchand site were likely to experience liquefaction since FS was < 1 across all the profiles. This is a
very similar result to the Hardwick site. However, sCPT3 was placed on a site with no surface
expression of liquefaction (Figure 3.17- see sCPT 3), and differs substantially from sCPT1 and 2 where
ejecta were present. Seismic CPT3 is characterized by much thinner layers of sand, and more and
thicker layers of silt and clay. It is likely this stratigraphy prevented the build-up of high pore water
pressure (less volume of sand), limiting the amount of liquefaction within the deposit and/or the

amount of liquefied sediment that could have reached the surface.

Factor of Safety Diagram at Marchand Site

Elevf?ot:gn sCPT 1 Ele;frgﬁgon sCPT 2 El(?:.’oarlTEIOn sF(SJ\ZLB
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Figure 3. 26 Factor of Safety Analysis at the Marchand Site. The FS is less than 1 for all depths of sCPTs. This means that the
Marchand site the Riccarton gravel was not hit during the sCPT investigations, hence it lies deeper than 12 m (from ground
level) at this site.
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3.5 DISCUSSION

3.5.1 Geological context
The complex alluvial system associated with the Halswell River evident from the LIDAR-based DEM is

attributed to a higher energy river, the Waimakariri River, which flowed into the Halswell River in the
late Holocene (Chapter 2 of this dissertation and references Brown et al., 1988; Cox and Mead, 1963).
The chronostratigraphy of the Waimakariri/Halswell River is not the focus of this dissertation, however
the analysis of the two study sites Hardwick and Marchand provided new insights into the stratigraphy

of the area and the depositional setting of the Halswell River.

At the Hardwick site, the stratigraphy suggests that a floodplain of the Waimakariri River, that was at
least 5500 years old (older than BC 3638-3381 - M2c unit), was incised by a meandering river prior to
BC 1195-976. During this period, the river deposited fine and very fine sandy sediment (M2b). The
meander loop that crossed the Hardwick site was later abandoned and very fine clay-silty clay
sediment was deposited (M2a) in an oxbow lake to 600 or 550 years ago (AD 1318-1405).
Subsequently (at AD 1314-1405), a temporary reactivation of the channel produced flooding and a

crevasse splay deposit partially buried the paleochannel.

While at the Hardwick site the paleosoil unit 6bA was being formed (top of stratigraphic unit M2b,
paleochannel floor deposit) between BC 48 -AD109 and AD 1314-1404 (Figure 3.6), at the Marchand
site, the B1 peaty clay unit was forming over a similar time interval (about 1300 years) between AD
73-206 and AD 1286-1386. After the formation of the peaty clay unit, new sandy sediment was
deposited on top, forming Unit BO at Marchand, sometime after AD 1286-1386. At the Hardwick site,
formation of the crevasse splay is tightly constrained to AD 1300-1395, and this may also be the timing
of initiation of BO deposition. Simultaneous phases of river activity and stability would not be

surprising given the proximity of the two sites.

In summary, the age information suggests that at both sites the landscape was stable for about 1300

years (6bA unit at Hardwick site and B1 clay peaty unit at Marchand). These dates match with former
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studies conducted on the Waimakariri River and its paleochannels (Basher et al., 1988; Cox and Mead,
1963; Johnston, 1958). The study presented here corroborates that the Waimakariri River stopped
flowing into the Greenpark area prior to ~ 600-650 years ago, while avulsing north of Christchurch
(current river position). However, there was a temporary reactivation of the former channels of the
river only 600 years ago when the crevasse splay was deposited at the Hardwick site and when BO
formed at the Marchand site. The results here presented are consistent with an unpublished age
(Johnston, 1958) from charcoal from Podocarpus Totara at Islington ~ AD 1265 (Sample 416/INZ, In
Table VI of Johnston, 1958) calibrated by Calib 7.1 online (Stuiver et al., 2017). The latter age was
consistent with the soil unit (6bA) forming on top of the paleochannel (at Trench HWK6) and also
helped constrain a temporary reactivation of the former Waimakariri channel in Selwyn soil age (~650
years ago). Taken together, the two sites at Greenpark indicate that floodplain accretion and the
corresponding soil formation started in Templeton soil age group time (3000-6000 years B.P.). Channel
infilling occurred in Waimakariri soil age group time (2400-700 years B.P.), although channel initiation
appeared to predate the lower constraint (Figure 3.6, sample HWK6 C1-T3-C). The reactivation of the
channel took place after a period of quiescence and soil formation at about 600 years B.P. which is

the age of initiation of Selwyn deposition according to Basher et al. (1988b).

Unit M3 was identified as sandy deposits recognized only in the SBT columns of the seismic CPT tests,
below modern sea level. The origin of these deposits is unknown. A diatom sample was analysed but
no diagnostic assemblage was found (Ursula Cochran pers. comm.). Beneath M3, extensive fine
grained sediment deposits, possibly attributed to estuarine sediment of the Christchurch Formation
were deposited (M4), underlain by gravel (M5). Unit M5 reaches >3 m of thickness at sCPT1 (~ -6 and
— 9 m a.s.l.). Evidence of gravel deposits of similar thickness to M5 identified in this study were also
recorded in two ECan (Environment Canterbury) boreholes (Mc Lauchlan, 2012). The latter identified
a sandy gravel unit between -11 and -15 m a.s.l., and between -6 and -14 m a.s.l., respectively, in

the vicinity of the Hardwick property. The gravel in unit M5 is tentatively attributed to the Springston
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Formation (Chapter 2), Halkett Member. The Burnham structural contour map (Begg et al., 2015)
(Figure 3.27) supports this finding, and shows that in the Halswell area, the Burnham Formation,
(Riccarton Gravel ~ 18-25 ka Basher et al., 1988; Brown et al., 1988) is located at least -18 m below
sea level. Considering an average elevation at the Hardwick and Marchand sites of ~ +5 m a.s.l., this
means that the Burnham Formation is located at least -23 m below the ground in the Halswell
Floodplain, while the seismic CPT tests undertaken at Hardwick and Marchand reached at most 15 m
depth below the ground at sCPT 1. As a consequence but tentatively, the gravel reached in the sCPT
(labelled as M5) at the Hardwick site (between -4 and -9 m a.s.l., Figure 3.5) was considered a fluvial
member of the Springston Formation (at most ~14 ka old, Brown and Weeber, 1992), graded to a
lower sea level, with estuarine sediment (M4) of the Christchurch Formation above representing

deposition at the post glacial sea level rise culmination.

3.5.2 Characterization of surface manifestation of liquefaction and sedimentary architecture
Based on geomorphic mapping, sedimentary architecture and grain size analysis, two layers, units M2c

and M2b, at Hardwick site liquefied and produced ejecta during the 2010-2011 earthquakes. Unit M2c
occurs at 5 metres depth (Core 1 of Trench HWK6; Figures 3.5 and 3.6) and represents medium to fine
sandy floodplain deposits. Unit M2b (between +3.1 and +1.9 m a.s.l.) represents channel deposits of
the Waimakariri River. The detailed geomorphic map showed that sand blows were mainly associated

with a paleochannel hosting M2b and its related point-bar sediment.

At the Marchand site a distinctive ejecta colour on the inner scroll bar (B0) allowed the source to be
identified with high confidence. The layer that liquefied and produced ejecta is predominantly
identified in unit B1 but it is not possible to rule out a sandy component from unit BO. The olive-brown
sand coming from B1 unit liquefied (at ~ 4 m depth, Figure 3.18) and produced ejecta in spatial
coincidence of Trenches Mar 1 and 4, while the grey sand in B1 (from nearly 1.60 m depth or more)

liguefied in coincidence of Trench Mar 3. At the Marchand site surface manifestation of liquefaction
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occurred predominantly along the ridges. The swale between bars BO and Bl experienced little

sediment ejection, as did floodplain areas far from the point bar.

Tuttle and Barstow (1996) documented that dikes originating in fluvial channel floor deposits were
guided up-section along the inclined base of the overlying channel fill deposit of the St. Francis Basin
in the New Madrid Seismic Zone. In particular, the authors showed that the feeder dikes seemed to
form an en-echelon pattern subparallel to the margins of the channel-fill deposit. An analogue of this
process could potentially be happening along the margins of the paleomeander at Hardwick site,
where paleo point bars are located (Trench HWK®6), and at the Marchand site, which is dominated by
point bar sedimentation. Several other studies have documented a spatial association of point bars
with liquefaction ejecta globally (Alessio et al., 2013; Civico et al., 2015; De Martini et al., 2015; Holzer

et al., 2010; Tuttle, 2001a).

Subtle shaking amplification occurring along the point bar ridges at the Marchand site but also at
Trench HWK6 may have enhanced the localization of ejecta along the point bar ridges (Anggraeni,
2010; Celebi, 1985; Lee et al., 2009). Micro-lateral spreading (subtle spreading) may occur along the
bar ridges and produce cracking that can facilitate venting of water and entrained sand on the surface,
forming sand blows. Also at the Marchand site, the nearby modern channel of the Halswell River
provides a free face and topographic driving force for lateral spreading towards the river (Tonkin and
Taylor, 2015). It is possible that the small graben structure described by Villamor et al. (2016) for

Trench MARA4 is a consequence of lateral spreading, as that trench is close to the river free face.

The pattern of ejecta at the Hardwick site had a geospatial association with the crevasse splay
that covers part of the channel and the inner part of the meander in the northern section of
the paleo-channel. However, only few and isolated sand blows occurred along the meander
paleochannel where the crevasse splay was absent (Villamor et al., 2016) in the southern

section of the meander, west and south of the Hardwick site (Figure 3.3A). Villamor et al.’s
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conclusion, supported by the findings here, suggested that the crevasse splay did not provide
the ejecta source sediment but it had some other indirect control on the ejection of liquefied

sediment.

The crevasse splay (M1) and the channel fill deposit (M2a) could have provided a thicker and
more impermeable crust (Obermeier, 1996; 2005), which enhanced the pore water pressure
build-up during the shaking. Alternatively, the higher elevation of the crevasse splay may have
modulated earthquake-related shear stresses (Martel, 2016; Moon et al., 2017 and Chapter
7), which enhanced surface cracking and the likelihood sand dikes would propagate through

the overburden to the surface.

In summary, this study suggests that the point-bar geometry of the Halswell River and the
paleochannel shape, which may drive ground failure, together with the strength and thickness
of relatively impermeable layers above the sandy lenses, have led to the formation of sand

blows above the point bar but not in the floodplain far from the channel or in the swales.
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3.5.3 Grain size distribution of liquefiable sand and seismic CPT
The grain size distribution curve of dikes and sand blows showed that there are differences in

sorting and in the grain size characteristics of the different liquefaction features. Sand blows

are better sorted and tend to fit well within Tsuchida’s (1970) liquefiable soil thresholds.

The sand blows are the result of liquefied sediment travelling upward through the soil profile
and venting at the surface. Several processes contribute to sorting of the sand in sand blows.
Once the sediment is ejected it tends to be deposited in a volcano like shape . This peculiar
shape will cause coarser sediment (fine or medium sand) to drop out of the flow closer to the
vent while finer sediment (very fine sand) will be carried further. Fine grained sediment from
the original liquefied sediment is washed away with the water, although some is often
deposited as lenses of silt or silty clay on top of the sand blow (Quigley et al., 2013) during the
final phases of venting, when excess pore pressure is low. After deposition the ejecta is
exposed to weathering effects (aeolian and rain splash). As a consequence, sediment
deposited in the uppermost section of the sand blow will be affected by a sorting process
influenced by wash of fine sediment during the ejection and by aeolian winnowing. Samples
from the sand blow trenched at Trench Mar 1 are a good example of variable levels of sorting

within a sand blow (Table 3.4 and Figures 3.21 a and 3.22).

Sand dikes are characterized by a mixture of sand and silt as shown in the multimodal
distribution curve of the mixdist analysis. In general, the cumulative curves of dikes do not fit
well with Tsuchida’s (1970) liquefiable soil thresholds, but they have better correspondence
with the potential source sediment. Within a dike, sorting occurs to some extent as shown by
observations of a variety of sediment sizes deposited in different sections of a dike (see also

Figure 6.7, Chapter 6). However, the sorting is not as pronounced as for the sand blows.
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Grain size and location (depth) of source layer are useful information to improve the accuracy
of the back-calculated earthquake magnitude from liquefaction distribution and ejecta
characteristics (Obermeier, 1998; Olson et al., 2005a; 2005b; Papathanassiou et al., 2005;
Pirrotta et al., 2007; Tuttle and Hartleb, 2012a). The findings here so far suggest that the
composition of samples from the dikes and from the proximal part of the sand blow are better
candidates to represent the composition of the source layer, and this should be accounted

for when aiming to identify the source layer at a site.

For instance, at Trench HWK5 there was a strong similarity between samples T5C1T240,
T5C1T280 of the core (at ~2.2 -2.6 m a.s.l.) and the grain size samples from the dike in the
west wall at Trench HWKS5 (Table 3.1). There was also a strong similarity with the grain size
samples taken from the sand blow vent area (HWK5GS1 and HWK5GS2, Figure 3.10). The
comparison showed that in the vent area, the ejecta is better sorted than the source layer
and the bottom of the dike, but here it still retains the finer portion from the source layer.
Ejecta transported further is sorted during transport and deposition and subsequently by

subaerial processes if close to the surface of the blow.

A general observation from the grain size analyses of liquefied sand is that only the samples
that may have undergone sorting fit Tsuchida’s (1970) liquefiable soil thresholds. This poses
the question whether Tsuchida’s thresholds are biased towards sampling of sand blows and
thus the cumulative curves expressed in that study are not fully representative of the
characteristics of all liquefiable sediment. Tsuchida’s (1970) soil curve boundaries are derived
from sediment that had experienced liquefaction in previous Japanese earthquakes (Koester
and Tsuchida, 1989), and thus the samples were probably sorted relative to their source.

Incontrovertible evidence of the limitations of Tsuchida’s classification came from the analysis
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of the source layer at bar BO at the Marchand site. Here, subsurface sands linked to the
surface ejecta by colour criteria had poor correspondence with Tsuchida’s liquefiable soil

field.

At Trench HWK®6, the mixdist analysis showed there was a strong similarity between the
modern liquefaction samples and core samples from unit M2c, but not for the
paleoliquefaction samples. This may be caused by many factors such as: i) the sand that
liquefied at the time of the paleo earthquake lay deeper than the sand that liquefied during
the CES; ii) the sand of the paleoliquefaction feature was the same but the weathering of the
sediment has changed its characteristics (higher content of very fine sediment, e.g. clay and
fine silt); or iii) there were not enough grain size samples collected at the surface (either

modern or old) to establish a robust comparison.

3.5.4 Efficacy of seismic CPT in predicting liquefaction surface manifestation
Based on CPT results in areas with and without sand blows the factor of safety (FS) showed

that all the layers except for peaty clay and gravelly-sandy layers are susceptible to
liqguefaction (FS < 1). For instance, the FS computed at sCPT1 (Figure 3.5) at the Hardwick site
showed that all the layers are susceptible to liquefaction (FS<1) with the exception of the first
gravel encountered between 10 and 12 m depth below g.l. (Halkett Gravel, see section 3.5.1).
However, no surface manifestation of liquefaction was observed at this site. The grain size
analysis reported in this chapter showed that across most of the Halswell floodplain the
sediment was characterized by very fine sand /fine sand. However, liquefaction ejecta were
only centred on some specific geomorphic features. In some cases, blisters were produced
(Trench Mar 4) or sub-horizontal injections (Trench Mar 3), which can only be discovered by

excavating trenches. The formation of features such as blisters and/or sub-horizontal
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injections is potentially one of the reasons why most of the floodplain far from the Halswell
paleochannel and point bar deposits did not show liquefaction ejecta at the surface, although
the sand texture was potentially liquefiable and could have in fact liquefied (Villamor et al.,

2014).

Results so far suggest that the interpretation of CPT datasets for paleoliquefaction
investigations need to be supported by a stratigraphic study and by a geomorphic analysis to
assess the highest likelihood of liquefaction susceptibility and to evaluate why specific
landforms are more prone to ground failure and the formation of sand blows.

3.6 CONCLUSION

Detailed site investigations of liquefaction associated with the 2010-2011 Canterbury
Earthquake Sequence (CES) in the alluvial setting of the Christchurch region has been

documented, integrating geospatial, stratigraphic and geotechnical analysis.

At the two study sites, sand that likely liquefied during the Canterbury earthquakes underlies
much of the alluvial floodplain but it predominantly vented along the margin of an abandoned
channel, filled with channel floor sandy deposits, and by a crevasse splay forming higher
topography. Paleochannel floor sands and point bar deposits were the most susceptible to
venting of sediment, owing to their fine and very fine sandy sediment and position below the
water table. Possible reasons for this are: subtle seismic wave amplification; micro-lateral
spreading that creates cracks as paths for ejection; sediment architecture with lens shapes
that guide the sand flow towards higher points. This means that, at alluvial sites, the
distribution of sand blows is influenced by sedimentological (e.g., sediment types with loose
packing arrangement and high void ratio are highly susceptible), stratigraphic (e.g. the

presence of a relatively impermeable capping layer can promote development of a higher
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pore-water pressure in underlying sand and the 3D shape of units can influence fluidization,
ground failure, and dike formation) and hydrological conditions (e.g. sediment must be
saturated to liquefy, so the depth of the water table and influence of aquifers and rivers on
the water table is important) as well as by topography (e.g. it may amplify ground motion and
drive ground failure). The topographic control on the surface manifestation of liquefaction

will be further investigated in Chapter 7 of this thesis.

The Factor of Safety (FS) calculated from seismic CPT indicates that sediment susceptible to
liguefaction, and that likely liquefied during the Canterbury earthquakes, is broadly
distributed at both study sites even in areas where no liquefaction features or sand blows
formed at the surface. Finding out what will liquefy and produce ejecta and what will not for
areas that traditionally do not show surface manifestation (e.g. flood plains) is difficult.
However, the analysis undertaken here of the local stratigraphy at the two sites where sand
blows did not form reveals that geomorphic analysis can substantially assist geotechnical

analysis by identifying areas that are likely to experience liquefaction surface manifestation.

With regards to the efficacy of the techniques used to investigate liquefaction in the alluvial

setting for this study:

e the 2-dimensional high resolution GPR (400 to 1500Hz) is an important tool for
detecting changes in sediment geophysical properties (e.g. organic content) and for
defining stratigraphic units within 2 m of the ground surface.

e Deconvolving grain size distribution into component sediment populations is a
valuable tool to assess the sorting of the vented sediment and to identify the source

layer for ejecta.
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Tsuchida’s (1970) liquefiable soil cumulative curve thresholds have to be used with
care when assessing if deeper sediment types (e.g. retrieved from cores) are
liquefiable, as that compilation of data is biased towards sand blows that may have
undergone substantial sorting and may not fully resemble the grain size characteristics
of the original source. In this study, the sediment that liquefied had a larger
component of fine grained material than liquefiable sediment as defined by Tsuchida
(1970).

The Factor of Safety analysis in sCPT is a valuable and affordable technique to estimate
the liquefaction susceptibility of sediment. However, seismic CPT analyses need to be
supported by geomorphic and sedimentological site investigation to clarify which
landform is likely to experience liquefaction ejecta and which layer will act as a source
for ejecta. The knowledge of where liquefaction will occur is important in order to
guide future paleoseismic studies, but also in relation to the impact of liquefaction
and ground failure on infrastructure such as buildings, roads and bridges.

With regard to the importance of better identification of the liquefaction source layer,
more paleoseismic studies need to address this point by testing the mixdist R-package
and the similarity metric technique used here. A good delineation of the potential
liguefaction source layer is useful for improving some of the parameters used in the

relationships for back-calculating earthquake magnitude.
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Chapter 4
LIQUEFACTION INVESTIGATION IN THE COASTAL DUNE SETTING OF CANTERBURY
4.1 INTRODUCTION

The coastal dune system of Christchurch, along with the alluvial setting, was very susceptible to
liguefaction during the 2010-2011 Canterbury Earthquake Sequence (CES). Alluvial, deltaic and coastal
dune systems have been worldwide recognized for several decades as liquefaction prone settings (e.g.
Amick et al., 1990; Holzer et al., 2010; Holzer, 1998; Tinsley et al., 1998; Tuttle, 1999; Youd and Hoose,
1977; Youd and Perkins, 1978; Ziony, 1985). The CES studies (Almond et al., 2012; Bastin et al., 2015;
Quigley et al., 2013; Villamor et al., 2016; 2014) together with studies from other recent liquefaction
events (Alessio et al., 2013; Civico et al., 2015; De Martini et al., 2015; Fontana et al., 2015) have
focussed on the alluvial setting. Liquefaction features in the coastal setting of Christchurch have not

been the object of detailed research to date.

The modern coastal environment of Christchurch is characterized by dunes, estuaries, lagoons and
swamps that have occupied the Christchurch area for at most 10,000 years since post glacial sea level
rise (Brown and Weeber, 1992). The present sea level was established around 6000-6500 years ago
and coastal progradation began soon after that (Brown and Weeber, 1992). Coastal dunes are present
at the modern coast, as well as older ones at Burwood, Richmond, Avonside and Linwood suburbs,

areas that are up to 6 km from the present day coast (Brown and Weeber, 1992) (Figure 5.1).
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Figure 4. 1 a) General location of study sites; b) Location of Valentine’s Day Earthquake (2016) main shock and recorded PGA
levels across the Canterbury Plains. Location of main townships and Christchurch’s suburbs more affected by liquefaction
effects during the CES and during the Valentine’s Earthquake; c) Geomorphology of the coastal fringe of the Canterbury Plains.
Location of the coastal study sites investigated during liquefaction field campaigns between January 2015 and February 2016.

Kirk (1987) considered that most of the sand for the progradation process at Pegasus Bay derived from
sand accumulated south of Banks Peninsula, during postglacial sea level rise, and then this sand was
reworked shoreward (Brown and Weeber, 1992). Today this reworking and progradation is no longer
occurring; the coastline has reached an equilibrium and most of the sand is supplied by the
Waimakariri River. Other studies (Blake, 1964, 1968; Herzer, 1981; Reed, 1951) corroborated that the
Waimakariri River catchment is the main source of sand of the present day sea floor and coastal dunes
in Pegasus Bay. The dunes are sourced from greywacke and argillite with also contribution from

igneous rocks of Banks Peninsula (Brown and Weeber, 1992).
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Blake (1964) identified three dune systems north of Christchurch (North Canterbury region): i) dunes
forming the present beach yielding an age of 600 years; ii) the Kairaki dune complex, developed
between Waimakariri and Ashley Rivers, and returning an age of less than 2000 years B.P.; and iii)
Waikuku dune complex, furthest landward yielding an age of 5000-6000 years B.P.. These three
systems are more clearly distinguishable north of the Waimakariri River. To the south of the
Waimakariri River, the dunes coalesce, which impedes a similar classification to that of Blake (1964).
Schulmeister and Kirk (1996) revised Blake’s (1964) dune classification based on the chronology of the
coastal dune system near Leithfield, established by thermoluminescence and '*C dating techniques
(Shulmeister and Kirk, 1993, 1996, 1997). Schulmeister and Kirk (1996) discovered that the dune
system of North Canterbury can be classified into five distinct chronological events that correspond to
five episodes of geomorphic evolution of the coastal plain. The later system proposed by Shulmeister
and Kirk (1996) includes 1) coastal dune systems (0.5 + 0.0 ka), which correlate with Blake’s (1964)
dune system that forms the present beach; 2) Ashworth Beach ridge (between 1.0 and 3.0 £+ 0.6 ka),
which equates to Blake’s (1964) Kairaki dune complex; 3) Main Road ridge dune (2.6 + 0.4 ka) formerly
classified as Kairaki; 4) Marine Cliff dune system (6.0 £ 0.5 ka); and 5) Boyds Beach dune system
(between 7.3 £ 1.6 ka and 9.2 * 1.6 ka) corresponding to Blake’s (1964) Waikuku Dune complex (see

Figure 1 of Shulmeister and Kirk, 1993; Shulmeister and Kirk, 1996).

The study sites analysed in this chapter are Wainoni and QEIl Parks in Christchurch City, and
Featherston Avenue Reserve, the latter between Kaiapoi and Pegasus Bay (about 25 km North of
Christchurch) (Figure 4.1b &1c). Wainoni and QEIll Parks are located on the dunes of the Christchurch
urban area (Christchurch Formation, Brown and Weeber, 1992), and it is unclear how they fit into the
classifications defined above, although they are mapped as Kairaki soil family (Sandy Raw Soils,
Hewitt, 2010) according to S-MAP (LCR, 2016). Featherston Avenue Reserve dune belongs to the
Kairaki group, (Blake, 1964) and soils are mapped as Kairaki and Burwood families (LCR, 2016), the

latter being a Mottled Sandy Recent Soil.

136



Chapter 4

Wainoni and QEIll parks were affected by liquefaction caused by the M6.3 February, the M6.4 June,
and the M6.0 December 2011 earthquakes; whereas Featherston Avenue site was affected also by
two more events: the M7.2 September 2010 (Darfield) earthquake (see location of the CES
earthquakes in Figure 1 of Bannister and Gledhill, 2012) and the recent M5.9 Valentine’s Day
Earthquake (14" February 2016, Figure 5.1b). Fieldwork was undertaken in two separate campaigns.
Trenches excavated at Wainoni and QEIll parks were investigated in January 2015 and cores were

obtained in February 2016. Featherston Avenue Reserve site was fully investigated in February 2016.

The aim of this chapter is to investigate surface and subsurface manifestations of liquefaction in the

coastal dune system and their relations with landform and the subsurface environment.

In order to achieve this aim three objectives are established:

1) Determine potential spatial correlation between the patterns of liquefaction surface
manifestation and geomorphic elements of the dunes system;

2) Define the sedimentary architecture of the dune setting and identify sediment susceptible to
liquefaction, which may have acted as the source layer;

3) Integrate results to explain why liquefaction is associated with certain elements of a coastal

dune system
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4.2 METHODS
Objective 1 was achieved with detailed liquefaction mapping as well as mapping of the
geomorphology of the dune systems at the study sites. Objectives 2 and3 were achieved by using
Ground Penetrating Radar Surveys, paleosesimic trenches, coring (piston and vibracores), and
micromorphological analysis. For the latter technique, methods are described in Chapter 6 of this

thesis.

4.2.1 Detailed mapping
A detailed liquefaction map of the study areas was created for each of the three sites, Wainoni, QEII

Parks and Featherston Avenue Reserve. Post-Earthquake (February 2011) aerial photos were used to
map the CES liquefaction features, no longer visible at the surface. The post- February 2011
earthquake photos, having a resolution of 0.4 m per pixel, were downloaded from the LINZ portal

(LINZ, 2011) .

4.2.2 Ground penetrating radar
At our study site two types of GPR survey were undertaken: 2D and 3D, firstly to identify the most
prominent near-surface anomalies caused by the CES liquefaction events; and secondly to be able to

appropriately locate the trenches.

Ground penetrating radar (GPR) surveys were carried out using a GSSI SIR-3000 system with 400MHz
antennae and 1.5 GHz antenna. In this area, the 400 MHz antenna can image the soil anomalies as
deep as 3 m, whereas the 1.5 GHz antenna can image subsurface anomalies down to 1.5 or 2 m at
most. A combination of Differential GPS, digital survey wheel and survey tapes were used for
positional control. Measurements were recorded at 24-bit resolution and a sampling density of 100
scans per metre. A close line spacing of 0.5 m was used to ensure high resolution of the 3D images.
GPR data were processed in RADAN 6.6 software. Processing involved bandpass HP/LP filtering,
predictive deconvolution, stacking, gain adjustments and background removal (Data acquisition and

processing were provided by Scantec Ltd).
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The 2D ground penetrating radar survey was carried out prior to the January 2015 field campaign,
between December 2014 and January 2015, on the selected study sites. Three 3D GPR was only used
for targeting specific liquefaction features. A grid (3 m by 3 m or 2 m by 2 m, in line with the size of
the liquefaction feature,) was set up on each targeted sand blow. The grid was subsequently
transferred to the trenches to ensure a common coordinate system. The grid allowed subsurface
anomalies along two orthogonal directions to be recorded. The 3D GPR produced an image of a block
of sediment from which horizontal slices at various depths from the ground (in m, e.g. 0.25, 0.50, 0.75,

1.0, 1.25, 1.5, 2.0) were selected.

4.2.3 Paleoseismic trenches
Ten paleoseismic trenches were excavated in total at the three sites. The trenches were between 3
and 5 m long, 1.20 wide, and between 1.30 and 1.50 m depth. Trenches were sited based on aerial

photo review and GPR survey results.

For details on the soil units exposed in the trenches the reader can refer to the Soil Description,
Appendix A4. The soil stratigraphy in the trenches was described according to standard soil and

sedimentological protocols (Clayden and Hewitt, 1994; Schoeneberger et al., 2012) .

4.2.4 Coring
Piston and vibracores are useful to investigate the stratigraphy in the subsurface and expose

liguefaction features or soft sediment deformation deeper than those exposed in the trenches.

The clean sand of the coastal sediment caused problems for extruding cores from the core barrel. As
a consequence, the piston core system was modified. A disposable PVC barrel of 50 mm internal
diameter was used to retrieve the sediment; the barrel was cut longwise to allow the sediment to be

exposed and described in the sedimentology laboratory.

The stratigraphy in the cores was described using the same methods for soil description mentioned
above. A detailed description of piston and vibracores with high definition pictures is presented in the

Core Description Appendix A5.
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4.2.5 Grain size analysis
Seventy six grain size samples were collected in total from the paleoseismic trenches in order to assess

the depositional setting of the coastal sediment that experienced liquefaction. The samples were
analysed using a micrometrics Saturn Digisizer Il 5205 at Canterbury University, which uses the light

scattering analysis technique to improve the resolution and accuracy of the particle size analysis.

Cumulative size distribution curves from our study samples were compared with Tsuchida’s (1970) soil
behaviour curve boundaries to recognize whether the sediment exposed in the trenches at the three

sites were liquefiable or potentially liquefiable.

A more detailed statistical grain size analysis was undertaken using the software Gradistat (Blott and
Pye, 2001). Gradistat provides a classification of the samples, computing the main statistics such as
mean, mode, sorting, skewness, and also provides a graphical classification. An example of Gradistat
output is shown in Figure 4.2. The reader can refer to Gradistat grain size analysis, to read the statistics

details for each sample from trenches and cores.

140


https://figshare.com/s/559679a0018652234beb

SAMPLE IDENTITY: 38-PBT1GS1

SAMPLE TYPE: Unimodal, Moderately Sorted
SEDIMENT NAME: Moderately Sorted Fine Sand

SAMPLE STATISTICS

ANALYST & DATE: mgb, 05/06/2016
TEXTURAL GROUP: Sand

um ] GRAIN SIZE DISTRIBUTION
MODE 1:| 217.6 2.201 GRAVEL: 0.0% COARSE SAND: 0.0%
MODE 2: SAND: 90.8% MEDIUM SAND: 15.3%
MODE 3: MUD: 9.2% FINE SAND: 65.7%
Dio:| 68.22 1.926 V FINE SAND: 9.8%
MEDIAN or Dsg:| 191.7 2.383 V COARSE GRAVEL: 0.0% V COARSE SILT: 3.9%
Dgo:| 263.1 3.874 COARSE GRAVEL: 0.0% COARSE SILT: 2.1%
(Dgo / Dyg):| 3.857 2.011 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 1.4%
(Dgo - D1g):| 194.9 1.948 FINE GRAVEL: 0.0% FINE SILT: 0.7%
(D75 / D2s):| 1.588 1.316 V FINE GRAVEL: 0.0% V FINE SILT: 0.4%
(D75 - D2s):| 85.62 0.667 V COARSE SAND: 0.0% CLAY: 0.8%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic  Geometric Logarithmic | Geometric Logarithmic Description
pum pm ¢ um ¢
MEAN (X) 180.8 150.7 2.730 172.8 2.533 Fine Sand
SORTING (o): 71.61 2.300 1.202 1.741 0.800 Moderately Sorted
SKEWNESS (Sk ): -0.673 -3.304 3.304 -0.522 0.522 Very Fine Skewed
KURTOSIS (K): 3.100 16.46 16.46 2.027 2.027 Very Leptokurtic
RAIN SIZE DISTRIBUTION
Particle Diameter (¢)
12.0 10.0 8.0 6.0 4.0 2.0 0.0
9.0
8.0 1
7.0
6.0
g
< 5.0 A
<
2
Q
= 40
13
12
K
© 30
2.0 1
1.0 1
0.0

1

_h‘fm.:na.ﬂ_m.m:_ﬂ.m.:q]ﬂm 1 — |

10 100
Particle Diameter (um)

1000

Figure 4. 2 Example of Gradistat output in Gradistat grain size analysis.

4.2.6 Radiocarbon Dating

Chapter 4

Radiocarbon dating was used to assess absolute ages of the sediments. The samples were sent to the

Rafter Radiocarbon Laboratory, GNS Science. The southern Hemisphere calibration curve SHcall3

(Hogg et al., 2013) was used to convert ages to calendar years. The complete list of the submitted

samples isin Appendix A2.
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4.3 RESULTS

4.3.1 Broad spatial analysis of sites affected by liquefaction in the Canterbury Plains
The broad physiography of the coastal fringe of the Canterbury Plains is shown in Figure 4.1. The dunes

interfinger with the low-lying alluvial deposits formed by the Waimakariri and the Avon Rivers. At
Wainoni and QEIl Parks the original coastal dune geomorphology is not obvious since they have been
flattened for urbanization. At Featherston Avenue Reserve, the original geomorphology is preserved:
closer inspection reveals the site is located on an interdune deposit, which grades into estuarine —
fluvial sediment.

The liquefaction features in the coastal dunes do not follow an obvious lineament as documented in
the alluvial setting (Almond et al., 2012; Villamor et al., 2016; 2014, Chapter 2 of this thesis). At
Wainoni and QEIl Parks the liquefaction sand blows formed subrounded, spherical to prismoidal
shapes (Powers, 1953) arranged without any obvious pattern (Figure 4.3 and 4.4). At these two parks,
the sand blows comprised 10% and 13.2% of the area for Wainoni and QEIll Parks, respectively. At
Featherston Avenue Reserve, where the natural topography is preserved, the liquefaction features
had a similar form but occurred preferentially along the lower elevation area of the interdune deposits
(Figure 4.5) and represented approximately the 6% of the reserve area. No liquefaction manifestation

was observed along the dune ridges.
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Figure 4. 3 Wainoni Park liquefaction mapping A) Sand Blows targeted for the 3D GPR survey and trenching as a result of the
2D GPR survey; B) Trench locations on the targeted sand blow, Trenches WAI 1 and WAI2 on Sand Blow 1 and Trench WAI3
on Sand Blow 2. Aerial photos from LINZ portal (LINZ, 2011).
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Figure 4. 4 QEll liquefaction mapping A) Sand blows targeted for the 3D GPR survey and trenching as a result of the 2D GPR
survey; B) Trench locations on the targeted sand blow, QEIll Trench 1 on sand blow A and QEIl Trench 2 and Pit on Sand blow
B. Please note the Pit QEIl will be not described in this dissertation. Aerial photos from LINZ portal (LINZ, 2011).
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Figure 4. 5 Featherston
Avenue Reserve
Liquefaction Map A)
Liquefaction map
showing the trenches, the
piston cores, the
vibracores and  the
transect for the cross
section analysis; B) DEM
showing the liquefaction
map and the transect,
note the liquefaction
sand blows are
concentrated mainly in
the lower elevation area
of the interdune deposit.
The hand dug pits are
described in the Soil Pits
appendix A8.
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4.3.2 Liquefaction Investigation at Wainoni Park

4.3.2.1 GPR investigation
The 400 GHz 2D GPR at Sand Blow 1 revealed subsurface anomalies within 1 to 2 m depth (Figure 4.6)

and between 1.5 and 3.8 m distance along the line. By interpreting the preliminary results gained from
the 2D GPR survey it was possible to identify the precise location of several subsurface anomalies

corresponding with sand blows mapped at the surface.

| Soil Units

I AFilt

| LiDke

U es

L [ b2an
] b2Bw(n)

F I Al 2
[ blisp

I I root cast

Figure 4. 6 2D GPR line for Sand Blow 1 at Wainoni Park. 2D GPR Line on Sand Blow 1, black frame highlights the trench dug
on Sand Blow 1, the red frame targets the main anomaly (possibly a dike features). The GPR anomaly are coloured in red.
For more details on the stratigraphy of Trench WAI 1 the reader can refer to Figure 4.10

The 3D GPR identified anomalies at 0.25 m depth (Figure 4.7).
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-
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Figure 4. 7 3D GPR line at 0.25 m depth on Sand Blow1.

At Sand Blow 2 the anomalies were localized between 76 and 86 m distance along the line and within
2 m from the surface. The same anomalies appeared in the 1.5 MHz survey but between 0.15 and 0.75
m depth (Figure 4.8). This anomaly was targeted to run the 3D GPR survey (Figure 4.9). Trench
locations and orientations were informed by the GPR surveys. At Wainoni Park and also at QEIl Park

the area available for excavation was restricted by City Council conditions.
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).75m

1.0m

Figure 4. 8 2D GPR lines for Sand Blow 2 at Trench WAI 3. Screenshots A and B show the same subsurface anomaly observed
close to Sand blow 2, where the Trench WAI 3 was excavated. However, it was not possible to identify a clear matching
between the GPR anomalies and the trench stratigraphy, since Trench WAI 3 was excavated to the GPR line survey (Figure
5.2). The GPR anomalies are coloured in red.
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Figure 4. 9 Sand Blow 2 at Wainoni Park, 3D GPR anomalies noticed between 0.75 m and 1.25 m depth
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4.3.2.2 Trench WAI 1
Trench WAI 1 (Figure 4.3) was 5 m wide and 1.30 m deep. The NE and SW walls were logged and

photographed in detail (Figure 4.10 and 4.11). The soil units were described (Soil Description Appendix
A4) and samples of liquefied sand were collected for grain size analysis. Trench WAI 1 was
characterized by a post- CES organic-rich anthropogenic fill (unit A Fill1; it is identified as man-made
fill hereafter) of nearly 15 cm thickness overlying a CES liquefaction sand blow (unit bL1sb —buried L1
sand blow-). The latter was a grey, very fine sand including many rip-up clasts. Unit bL1sb overlies a
pre-CES fill (unit bAfill2). Both fills (pre- and post-earthquakes, bAfill2 and A Fill 1, respectively) had a
very hard consistency and stiffness, were organic rich and had common greywacke gravels. The pre
earthquake fill (bAfill2) was on top of the natural dune topsoil mapped as Kairaki soil family (LCR, 2016)
present in this area (unit b2Ah). The b2Ah soil horizon was characterized by weak consistency and
sandy texture with few roots, and it overlies a sandy weathered B horizon (unit b2Bw(f)) with loose to

weak consistency.
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Figure 4. 11 Trench
WAI 1 south west wall
and  corresponding
core retrieved at
Wainoni Park from
1.25 to 3.59 m depth,
for more details on
the core descriptions
see Core Description
Appendix A5.
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On the north east wall of the trench, a potential paleoliquefaction layer (Unit L2S) was identified as
injection (a sill) because it split the buried A horizon (unit b2Ah) into two layers (Figure 5.15). It was
characterized by a very fine sand texture, massive structure, with few charcoal fragments and rip up
clasts. A sandy dike (L1 Dike) of nearly 1.0 m width was exposed in the trench. The b2Ah layer was

split by L1 8Dike. Many rip up clasts were observed in the dike.

4.3.2.3 Core at Trench WAI 1
At Wainoni Park one piston core was retrieved at Trench WAI 1 site, at a starting depth of 1.25 m,

down to 3.59 m below the ground. The sediment retrieved in core WAI 1 was dark olive colour to grey
colour, very fine and fine sand. Evidence of modern liquefaction features, in the form of fine sandy

dikes, was observed at ~2.75 m depth Core Description Appendix A5.

4.3.2.4 Sediment ages at Trench WAI1
Three samples for radiocarbon dating were submitted from Trench WAI 1: W1RAD1, W1RAD2,

WAI1RAD3, and one bone sample W1RAD6 (Figure 4.10). Sample W1RAD1 was a charcoal fragment
from unit L2S (suspected paleoliquefaction feature), and it gave an age of 221 *C y B.P. (AD 1730-
1803). Samples W1RAD2 and 3 were charcoals collected from the buried A horizon (b2Ah). Sample
W1RAD?2 yielded an age beyond radiocarbon dating threshold (>49000 BP). Sample W1RAD3 yielded
the age of 201 *Cy B.P. (AD 1722-1811). Sample W1RAD6 was a bone fragment, found in the b2Bw(f)

horizon disrupted by L1 Dike, and it yielded a younger age of 126 *Cy B.P. (AD 1808-1950).

4.3.2.5 Trench WAI 2
Trench WAI2 was parallel to Trench WAI1 about 1 m to the west, and targeted the same sand blow

(Sand Blow 1). The in situ soil profile was very similar to Trench WAI 1. At this trench the north east
wall and the floor were logged and photographed in detail (Figure 4.12). On the north-east wall a fine
sandy sill of convex upward shape (unit L1 dike/sill) was exposed at 0.75 m depth. On the floor of this

trench a dark grey, sandy sub-rounded feature of 0.63 by 0.73 m was exposed, which was interpreted

8 In this dissertation the modern liquefaction will be named as L1 and the paleoliquefaction will be labelled as
L2.
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to be a plan section through a similar but deeper sill. The sill breached the floor of the trench in the
oxidised b2Bw(f) horizon (buried twice B horizon), along with other modern sandy dikes.

2.5 :.’l' 3.5 1 4.5 !;» 5.5 6

A Grain size
Soil Units

Trench WAI 2 NE wall . | | B i ity loam
- Brown fine sand
- Dark Grey fine sand

\j Grey fine sand

L1 Dike/Sill fine sand

I: b2Ah fine sand

- b2Bw(f) fine sand
- bAfill 2 fine sandy loam

|:| bL1sb fine sand

I I I I 1
Figure 4. 12 Trench WAI 2 north east wall and floor.

4.3.2.6 Trench WAI 3
Trench WAI 3 was 1.32 m deep and nearly 2.5 m long. Both east and west walls were logged and

photographed in detail (Figure 4.13 and 4.14).
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Trench WAI 3 East Wall
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- AFill 1 silty loam
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I:] b2Ah silty fine sand

b2Bw(f) medium fine sand
bAfill 2 silty
bL1sb fine sand

Figure 4.13 Wainoni 3 east wall.
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Figure 4.14 Wainoni 3 west wall.

This trench exposed a post-CES fill (unit A Fill 1) overlaying a 0.26 m-thick unit (bL1sb - buried L1 sand
blow) distinguished by a white silt lamina on the bottom contact, more obvious on the west wall
(Figure 4.14). Unit bL1sb overlay an organic-rich pre-CES fill (bAfill2) of stiff consistency, which in turn
overlies unit L2S. Unit L2S represents a suspected paleoliquefaction deposit and it was identified as a
compact and weathered (2.5Y3/2 colour) sandy layer sitting on top of unit b2Ah (buried A horizon).
Unit b2Ah (from 0.11 to 0.15 m thickness) is the original loamy sand topsoil, which has been disrupted
by the liquefaction injection (Unit L1 Dike). Some b2Bw(f) horizon (buried twice B horizon) fragments

were exposed in one corner of the trench. The b2Bw(f) horizon is a medium to fine sand with mottles,
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worm burrowed near its upper contact. The increased thickness of the buried A horizon (b2Ah) at this

trench relative to those at sand blow 1 may be due to its situation in a former interdune depression.

4.3.2.7 Sediment ages at Trench WAI3
Two samples for radiocarbon dating were submitted from Trench WAI 3: W3ERC1, W3ERC2 (Figure

4.13). Sample W3ERC1 was charcoal from a sand-rich paleoliquefaction layer on the east wall (unit
L2S), which yielded an age of 263 BP + 20 '“C y B.P. (AD 1640-1674). Sample W3E-RC2 was a bulk

sediment sample from unit b2Ah and it yielded the age of 1079 *Cy B.P. (AD 988-1027).

4.3.2.8 Summary of Trenches at Wainoni Park
The three trenches revealed a similar soil stratigraphy, namely a soil with a thin A horizon and an olive

or olive brown B horizon buried by a pre- and post CES anthropogenic fill. Sediment types making up
the soil and those retrieved from cores extending below the soil had grain size distributions
characteristic of aeolian (dune) sand, and liquefiable sediment. The morphology of the soil is indicative
of a generally well drained condition, suggesting the source of the liquefiable sediment is likely to be
from below 1.5 m depth. At least two generations of liquefaction features could be identified: the
younger from the CES (L1), including sand blows buried by the most recent fill, thick dikes and sills,

and the older a weathered sandy sill and potentially a sand blow (L2).

4.3.3 Liquefaction Investigation at QEIl Park

4.3.3.1 GPR investigation at QEIl Park
At QEIll park we targeted Sand Blow A and Sand Blow B (Figure 3 A). At Sand Blow A the 2D 400 MHz

GPR survey showed a soil anomaly between 1.0 and 1.5 m depth between 94 and 102 m distance
along the line (Figure 4.15). The 3D GPR illustrated an anomaly in the soil profile between 0.25 and

0.75 m depth (Figure 4.16). QEll Trench 1 was dug on this subsurface anomaly.
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Figure 4. 15 2D GPR line Analysis at QEIll Trench 1. The black frame highlights the trench position. The strong reflectance
appeared to be between 1 and 1.50 m depth, and can be attributable to a rich organic layer interlayered with a sandy one.
However the strong reflectance showed in this 2D line does not clearly match the stratigraphy exposed in the trench. For more
details on the stratigraphy of QEll Trench 1 the reader can refer to Figure 4.18.
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Figure 4. 16 GPR Analysis on Sand Blow A. The GPR anomaly appeared to be observed at 0.25, 0.50, 0.75 m depth.On the
right hand side of the GPR image another anomaly is coloured in red and this is associated with the sand blow located on
the right hand side of the picture.
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At Sand Blow B, the 2D GPR showed a strong subsurface anomaly between 1 and 1.5 m depth (Figure
4.17). The 3D GPR line showed a strong reflectance recorded between 0.75 and 1.25 m depth (Figure
4.17). QEll Trench 2 was dug the subsurface anomaly highlighted by the 3D GPR. A small pit was also
excavated parallel to QEll Trench 2 on the same targeted Sand Blow B. Because park services ran close

to Trench 2, it was not possible to dig out a bigger trench (Figure 4.3 A and B).
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Figure 4. 17 3D GPR anomalies on Sand Blow B. The subsurface anomaly was observed between 0.75 and 1.25 m depth.
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4.3.3.2 QEll Trench 1
QEIl Trench 1 was 1.18 m deep and nearly 6.5 m long. The north and south wall were logged and

photographed in detail (Figures 4.18 and 4.19).
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Figure 4.18
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north wall
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A 0.25 m thick unit L1SB (L1 Sand Blow) occupied the profile of the trench, overlying a pre CES- fill,
which was composed of two fill units: unit bAFill 1 (more organic) and bBFill1 (less organic and more
weathered). The north wall exposed a combined form of the two fills called unit bAFill 1/bBFill 1. The
pre CES fill was buried by a post-CES fill but only on the south wall of the trench (unit Post Eq Fill in
Figure 4.19). The sand blow (L1SB) contained many brown rip up clasts from the pre CES fill (unit bBFill
clasts). The pre CES fill was broken in many parts and injected by liquefied sand coming from the
underlying fine sand LS1_Bw(f) horizon, that is the liquefied form of the Bw(f) horizon (brownish-grey
colour). Unit L1 Dike was a nearly 1 m-wide dike exposed on the south wall of QEIl Trench 1 (Figure
4.19). Unit L1 Dike presented a bluish-grey very fine sand, in contrast to the liquefied sand from the B
horizon. Many scattered fragments of the same bluish-grey very fine sand, but richer in organic
matter, were found in many parts of QEll Trench 1, and this layer was called “paleosol” (Figure 4.18
and 4.19). Units L1S ,L1S/d or L1S Bw(f) are both liquefied sands from the Bw(f) horizon but

recognized in the field as different because of their dissimilar content of fines and/or organic matter.

4.3.3.3 Sediment ages at QEll Trench 1
Two samples for radiocarbon dating were submitted from QEll Trench 1 south wall (Figure 4.19): RAD

1 and RAD2 from the fragments of the mud lamina layer.These afforded ages of 504 '*C y B.P. (AD

1422-1454) and 530 *Cy B.P. (AD 1411-1447), respectively.

4.3.3.4 QEll Trench 2
Trench QEIl 2 was 3.5 m wide and 1.5 m deep, the north and south wall of which were logged and

photographed in detail (Figures 4.20-4.21). This trench was characterized by a pre CES fill (composed
by two fill units: unit bAFill 1 and bBFill1), and a post-CES fill (unit Post Eq Fill) (see Appendix A4,
electronic supplement for details) overlying a sandy sill (Unit L2) characterized by many organic lenses.
The complex and disrupted sandy layer exposed in the trench was fed by a dike breaching through a
buried A horizon (unit b2Ah). The latter was notable for a collapse feature. Unit bCg represented the

sandy gleyed parent material underlying unit b2Ah.
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The dike in Unit L2, close to the collapse feature exposed in the original wall, was initially
misinterpreted as a surface crack or fissure caused by the depression of unit b2Ah, then filled by
aeolian sand. The three dimensional characteristics of this feature were examined by excavating back
into the wall and logging its geometry in exposures 0.18, 0.20, 0.39 and 0.45 m into the face (Figure
4.21). The diagram illustrated that the “crack” merged with the sandy sill within unit b2Ah, suggesting
that it was in fact a dike (see log at 20 cm in Figure 4.21). The dike fed a sill, which injected and split
unit b2Ah, forming many A horizon lenses. The collapse portion of unit b2Ah was then filled up with

sand, as shown on the left-hand of Figures 4.20 and 4.21 A,B,C,D.
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Figure 4. 20 QEIl Trench 2
north wall and
corresponding core
retrieved at QEIl park
between 1 and 3.45 m
depth.
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Figure 4. 21 QEll
Trench 2 north wall
details of the dike of
unit L2 excavated back
into the wall and
logged at A 0.18m; B.
0.20 m; C. 0.39 m; D.
045 m, see more
details in the text.
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Figure 4. 22 QEIl
Trench 2 south east
wall.
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4.3.3.5 Core at QEll Trench 2
At QEIll Park a piston core was retrieved at QEll Trench 2 site from 1.0 to 3.45 m below the ground.

The whole core was dominantly sand (Figure 4.20 and Appendix A5). The only obvious liquefaction

feature observed was a thin (3 mm) whitish silt injection at 1.96 m depth.

4.3.3.6 Sediment ages at QEll Trench 2
One sample from QEIll Trench 2 (RAD, in Figure 4.22 from L2 unit) and one sample at 3.17 m depth in

the core (QE16C1T3, Figure 4.20) were submitted for radiocarbon analysis. The radiocarbon sample
collected from QEIll Trench 2 yielded a modern age, which was rejected for the interpretation of this
trench stratigraphy. The radiocarbon sample collected from the core yielded an age of 1176 **Cy B.P

(AD 887-979).

4.3.3.7 Summary of Trenches at QEIll Park
The soil stratigraphy at the two trenches dug at QEIl Park were similar and characterized by a very

thick compound anthropogenic fill unit. The in situ A horizon was not exposed at Trench QEIl 1 which
presented instead a loamy very fine sand Bw and fine sand Cu(g) horizons. Trench QEIl 1 was
characterized by a thick buried A horizon with reddish mottles. The sediment in the trench was coastal
sand dune sediment, well sorted, with a massive structure. One generation of liquefaction was
exposed at QEIl Trench 1 and potentially two generations of liquefaction were discovered at QElI
Trench 2. The latter was supported by micromorphology analysis (see Chapter 6 of this dissertation
for more details). The sediment characterizing trench and core up to 3.64 m depth was aeolian sand,

all liquefiable. The possible source of the liquefaction features was the Bw horizon of the trenches.

4.3.4 Liguefaction investigation at Featherston Avenue Reserve

4.3.4.1 GPR investigation at Featherston Avenue Reserve
Featherston Avenue Reserve site was selected to provide an example of a greenfield area within the

dune system with the original topography intact. The 2D GPR displayed a strong anomaly in the
reflectance between 154 and 176 m distance along the transect line illustrated in Figure 4.23, caused

by liquefaction features and tree roots. This anomaly (coloured in red) was targeted at two of the
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trenches excavated (PB2 and PB3). The trenches excavated at Featherston Avenue Reserve are Trench
PB1, PB2, PB3 and PB4 (see location on Figure 4.4). The latter was exposed after the Valentine’s Day

Earthquake and is fully discussed in Chapter 5. Trenches PB1, PB2 and PB3 are discussed next.
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Figure 4. 23 Bidimensional GPR at Featherston Avenue Reserve with the location of trenches PB2 and PB3. The strong
reflectance (coloured in red) between 162 and 176 m of lengths is not clearly attributed to liquefaction features but also the
presence of tree roots. Overall, the GPR survey at Featherston avenue reserve was inconclusive.

4.3.4.2 Trench PB1
Trench PB1 was ~0.5 m deep and 11 m long. Because of the shallow water table rising within a few

hours of excavation, the western portion of this trench collapsed and only the floor was logged and
photographed in detail (Figure 5.10, Chapter 5). The floor of this trench exposed a complex circular
fine sandy feature comprising three concentric layers (Figure 5.10). The inner circular shape with
irregular boundary was a light grey fine sand (unit CES sand blow sediment); the surrounding layer
was a brown-coloured organic layer (sandy loam; unit bAh 2010) with fragments of rotten roots; the
outer layer was a gleyed fine sand with mottles (unit CES dike), with an irregular contact with the

background sand and rotten roots.

4.3.4.2 Core at Trench PB1
Core PB1 was retrieved nearly 5 m south of Trench PB1 (Figure 4.4) from 0.20 m to 2.36 m below the

surface Appendix A5 Core PB1 showed predominantly sandy sediment, with evidence of rip up clasts
and thin olive brown sandy injections between 1.57 and 1.74 m from the ground (37 and 54 cm along
tube 2 of this core). Between 1.9 m and 2.2 m depth the sandy unit alternates with grey clay and silty

clay interlayers. Within this unit the contact between sand and clay layers was often abrupt and

170


file://///c-fs3/Research/Monica%20Giona%20Bucci/WRITE%20UP/CHAPTER_3_Liquefaction%20in%20the%20Coastal%20setting/Revision%20February%202017/Core%20Description_24Feb2017.pdf

Chapter 4

irregular, suggesting that liquefaction and soft sediment deformation might have happened at nearly

2 m depth.

Vibracore PBV3 was retrieved at 15 m south of Trench PB1 (Figure 4.4) from 0.2 to 3 m below ground
level (Appendix A5). The sediment recovered in Vibracore PBV3 were olive fine sand - sandy loam
alternating with clay- clay loam. They were characterized by abundant organic material such as rotten
twigs and leaves. In the sandy layer, there was evidence of many clay rip up clasts between 0.83 and

1.66 m below ground level.

4.3.4.3 Trench PB2
Trench PB2 (see location in Figure 4.5) was excavated across Sand Blow 2. It was 0.75 m deep and

8.5 m long. The south wall was entirely photographed and logged (Figure 4.24), while the north wall

was photographed and logged only between 0 and 1.50 m of the grid (Figure 4.25).
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Figure 4. 25 Trench PB2 logged portion of the north wall and corresponding core.
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Unit Ah, a brownish black loamy sand topsoil with few roots sat on a grey, loose and CES sand blow
(unit L1sb). Unit L1sb overlies the pre 2010-2011 topsoil, unit bAh, characterized by an olive and loose
massive fine sand. Several phases of unit bAh were observed in this trench, based on the different
content of sand or organic matter. Unit bAh-dark was identified as a variety of unit bAh with a higher
content of organic matter, whereas unit bAh/L1S had a higher content of sand (see legend of Figure
4.24). The whole stratigraphy of Trench PB2 was heavily disrupted by unit L1S (sill), causing splitting
of unit bAh (as well as bAh/L1s or bAh dark) and of the original depositional contact between the
layers. Unit Bw was identified as the B soil horizon under the buried Ah horizon (bAh) and it was only
observed between 6 and 8.5 m along the trench. Unit Bw was characterized by olive brown fine sand
and massive structure. Two slightly different C horizons were identified, units Crl and Cr2. In some
parts of the trench, this distinction was not possible (see Soil Description Appendix A4). The C horizon
was a dark grey, loose fine sand and it hosted the CES dike features observed.

The most striking features at Trench PB2 were “pillow-like features” between 3 and 5 m along the
south wall. These features appeared as an alternation of sand (unit L1S) and organic rich material (unit
bAh) with common charcoal fragments contorted into a strong concave-upward forms. They were
overlain by the CES sand blow (unit L1sb). These features were observed at this site for the first time
as unique liquefaction features within the Canterbury coastal setting (Chapter 4 of this thesis).

The north wall of Trench PB2 (Figure 4.25) contained a bifurcating dike (unit L1 Dike) rooted in the Crl
horizon and injecting into unit bAh. The injection of unit L1 Dike into unit bAh formed many bAh
fragments which were dragged into unit L1sb, while some others sank into unit Crl. Some rip up clasts

coming from units not exposed on the wall of this trench were also observed.

4.3.4.4 Core at Trench PB2
Core PB2 was retrieved at nearly 10 m south of Trench PB2 (Figure 4.4) from 0.48 to 3.08 m below

ground level (Core Description Appendix A5). The sediment retrieved were grey fine sand beds with
root fragments, a massive structure and clay-loam rip up clast that alternated with grey massive clay

and silt units. The clay/sand contacts at 2.05 m, 2.53 m, 2.73 m were abrupt, suggesting that the sand
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units could have been injected into the clay. Along the bottom portion of the core (2.83 to 3.08 m
depth), the clay layers were very disrupted (deformed) and small lenses of sand could be interpreted
as being injected into the clay. The presence of rip up clasts and the soft sediment deformation in the
core corroborated the idea of liquefaction or soft sediment deformation (SSD) (sensu Allen, 1982)

occurring.

4.3.4.5 Trench PB3
Trench PB3 was 5.5 m long and between 0.37 and 0.43 m deep (Figure 4.26). This trench was also

excavated on Sand Blow 2, parallel to trench PB2 and only 2 m away. It was excavated to shallower
depth than PB2 to avoid the water table, and to facilitate collection of sediment and liquefaction
features on the trench floor.The south wall and the trench’s floor were logged and photographed in

detail. The trench’s floor log is not reported in this dissertation.
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Figure 4.26Trench PB 3
The stratigraphy exposed at Trench PB3 was very similar to that of Trench PB2 (Figure 5.26).

4.3.4.6 Coring at Trench PB3
Two vibracores were retrieved close to the trench (Figure 4.4) (PBV1 and PBV2; Core Description

Appendix A5 and in Vibrocore pictures of Vibrocore PBV1, PBV2, PBV3, PBV4 ) . Vibracore PBV1 was
a trial and was only 1 m long. Vibracore PBV2, located at 12 m south of Trench PB3 on the toe of a
dune, recovered sediment between ~0.2 m and ~3 m depth. It was characterized mainly by a massive
greyish olive fine sand with roots. The clean sand unit graded into a sandy loam at 0.83 m depth. Then,
at 2.0 m depth the sandy loam unit alternated with clay sediment and organic rich lenses, resembling

rip up clast features.
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4.3.4.7 Sediment age at Featherston Avenue Reserve
Two radiocarbon samples were submitted from PBV2 core at Featherston Avenue Reserve from rotten

organic fragment covered by detritus at 0.82 and 1.42 m along the tube within a clay unit exposed in
the core from 0.8 to 1.6 m along the tube. Both radiocarbon samples yielded overlapping ages of AD

1697-1950 and AD 1637-1797.

4.3.5 Grain size Analysis
All grain size samples collected from the three study sites demonstrated characteristics of unimodal

well sorted sediment, typical of aeolian dune sediment (Ricci-Lucchi, 1980) with a percentage of sand
>75% (Gradistat grain size analysis). All samples analysed from trenches and cores across all study sites
fell into Tsuchida’s (1970) “liquefiable soil” boundaries (see Figure 4.27 as an example and Figures 1

to 9 in Appendix, A7).

Cumulative curves from grain size analysis samples at Wainoni Park

Potentially
liquefiable soil

0.001 0.01 0.1 1 10

- - -W1GS1 ——W1GS2 W1GS3 W1GS4 ——WI1GS5L1 —W1GS6 ——WI1GS7 ——WI1GS8 ——W1GS9

=== WINEGS1 =—WiNEGSIM ——WI1INEGS2 - WINEGS2M WINEGS3 WINEGS3IM WI1NEGS4~———WINEGSAM WI1NEGSS

——WINEGS5M ——WI1INEGS6——WINEGS6M -WINEGS7M ——WINEGSSM ——WINWGS7 WI1SWGS10 W2GS1 W2GS3
W2GS4 W2GS5 W3GS1 ——W3GS2 ——W3GS4 ——W3GS5 ——W3GS8 ——W3GS9 ——W3GS10
W3GS11 W3GS12 W3GS13 ——Tsuchida soil boundaries

Figure 4. 27 Cumulative Curves for grain size samples collected from Trenches at Wainoni Park. All samples fell into the
“liquefiable soils” area of Tsuchida’s’(1970) soil diagram. Some samples (i.e. W1GS1 or W1GS3 or W1INEGS3) present a higher
content of fines therefore their curve crosses the boundaries of Tsuchida’s (1970) soil diagram. Note the samples here
displayed are the same samples shown in the Trench log (Figure 5.15) but with the prefix “W1”. Therefore sample GS1 of
Figure 5.15 here becomes W1GS1 and so on.

This result reflects the environment of deposition of dune sand characterizing the three study sites,

which produced clean fine sand highly predisposed to liquefaction. A few samples are characterized
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by a multimodal grain size distribution, typical of alluvial sediment (see Chapter 3 of this thesis for
more details): at Wainoni Park, Sample WAI1T2 -GS2- 50-52 was collected from a liquefaction feature
in the core (LF3, at 2.75 m below the surface, Core Description A5), Figure 4.29; at QEIl Park, two other
samples collected from unit L1 Dike (samples QEIIT1S3 and QEIIT1S6 in polymodal grain size
distribution of ejecta samples collected in the coastal environment) and labelled as GS3 and GS6 in
the trench login Figure 5.25) Figures 4.30 and 4.31; at Featherston Avenue Reserve sample PB1T3GS2,
at 2.6 m depth Figure 4.31. This result suggests that on the dune system of Christchurch, liquefaction

features were potentially sourced from aeolian but also alluvial sediment.
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Figure 4. 28 WAIT2_GS2_50-52 sample showing a multigaussian distribution, typical of alluvial setting from a core sample
at Wainoni site at 2.75 m depth, see Chapter 3 of this thesis for more details on the multimodal distribution characterizing
the alluvial sediment.
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Figure 4. 29 Multigaussian grain size distribution of sample QEIIT1S3 (GS3 in the log of Figure 5.25) collected from a layer
identified as liquefaction layer.
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Figure 4. 30 Multigaussian grain size distribution of sample QEIIT1S6 (GS6 in the trench log of Figure 5.25).
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Figure 4. 31 Multigaussian Grain size distribution of sample PB1T3GS2 located at 2.6 m depth

180



Chapter 4

4.3.6 Sedimentary architecture description at Featherston Avenue Reserve
Two transects, Transect 1 and Transect 2 (Figure 4.4), are used to characterize the general

stratigraphic architecture at Featherston Avenue Reserve, as shown in Figures 4.32 and 4.33.

4.3.6.1 Transect 1
Transect 1 (Figure 4.32), 170 m long and oriented north-south, lay along the interdune swale and

ranged in elevation between 1.4 m a.s.l. and a maximum of nearly 2 m a.s.l. Unit D represents a dune
sand exposed in the trenches and the upper portion of all the cores. It is identified on the basis of the
geomorphic characteristics and grain size analysis. Unit D overlies or is interfingered by a massive clay
unit with some organic fragments, identified as a channel fill deposit and labelled as unit C. The
inference that unit C is a channel fill is based on sediment characteristics and the proximity of Kairaki
Creek. The low lying area now occupied by Kairaki Creek could represent a relict lagoon of the
Waimakariri River (Shulmeister pers. comm). Unit C is found entirely above mean sea level and thins

to the north, being last observed in core PBV3.

Below the modern sea level and underneath unit C, a transitional unit, unit T, was identified. Unit T
has two slightly different facies: 1) an alternation of clean sand layers with clay layers; or 2) an
alternation of clay layers with sandy clay or sandy clay loam (Core Description, Appendix 5). Unit T
occupies a similar elevation range along the transect from about 0 m a.s.l. to -1 m a.s.l. . Below unit T,

unit D, with grain size characteristics of dunes appears again.

There is no clear association of surface manifestation of liquefaction with geomorphic features or
sedimentary units along this transect. Sand blows were apparently scattered randomly along the

whole low lying-interdune area of Featherston Avenue Reserve.
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Figure 4. 6 Subsurface sedimentary architecture at Featherston Avenue Reserve site along Transect 1, the red frame highlights
the potential liquefaction source layer, see text for more details. Please note, not all the radiocarbon samples collected have
been submitted for dating within the scope of this thesis.

4.3.6.2 Transect 2
Transect 2 (Figure 4.33) was aligned west to east from Vibracore PBV2 to PBV4 (for description of

Vibracore PBV4 see Appendix A5) to study the stratigraphic changes from the dunes toward the
floodplain/estuary system of Kairaki Creek. The higher elevation area to the east corresponds to the
dune toe (~2.0 m a.s.l.), the low elevation area in the west, to the floodplain/estuary, and the two

highpoints midway, to manmade river stopbanks.

Unit D in the top of PBV2 pinches out to the west, between 88 and 92 m along the transect (Figure
4.33) while unit C thickens from occupying the height interval -0.2 t0 0.7 m a.s.l. to - 2t0 0.7 m a.s.l.
in PBV4. Unit T forms the base along the whole transect though its upper boundary declines from -0.8

m a.s.l. to -3 m a.s.l. from east to west.
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Figure 4. 7 Subsurface sedimentary architecture at Featherston Avenue Reserve site along Transect 2.

4.3.6.3 Summary of Trenches at Featherston Avenue Reserve
All trenches excavated at Featherston Avenue Reserve showed very similar soil stratigraphy,

characterized by a very thin brown post CES A horizon and a Bw horizon heavily disrupted by CES
liguefaction. The sediment exposed in the trenches is well sorted sandy sediment of aeolian origin.
However, the sediment retrieved in the core revealed the presence of other sedimentary units such
as a channel fill unit and a transitional unit (as a mixture of dune and channel sediment). The
liguefaction source layer was exposed in the trenches in most cases as Bw horizon disturbing and

deforming the pre CES A horizon. No paleoliquefaction features were easily recognizable at this site
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4.4 DISCUSSION
The liquefaction investigation in the coastal fringe of the Christchurch region presented in this chapter
brought to light important aspects of the sedimentary evolution of the dune field of the north

Canterbury region, and, more importantly, its liquefaction susceptibility.

4.4.1 Style of liquefaction features at the surface
The liquefaction sand blows in the coastal setting resulted in a rounded or sub-rounded shape

(commonly 1 m in diameter, but often more) that are randomly scattered in the dune fields, with
particular concentration along the interdune field deposits. This result differs from the alluvial
environment where liquefaction features often coalesced to form lineations corresponding with
paleochannel margins or scroll bars (Chapter 1 of this Thesis, and Almond et al., 2012; Bastin et al.,

2015; Tuttle, 2001a; Tuttle et al., 2017 ; Villamor et al., 2016; 2014).

4.4.2 Main liquefaction features observed in the coastal system of Christchurch

4.4.2.1 Near surface liquefaction
In the coastal fringe of Christchurch, sand blows, dikes and sills analogous to the liquefaction features

exposed in the alluvial setting were observed. The dikes revealed in the coastal dune system of
Christchurch are wider than those observed in the alluvial setting. For example, Wainoni and QElI
Parks exposed dikes up to 1 m wide, while in the alluvial setting (Chapter 3 of this thesis, and Villamor
et al 2014, 2016) the dikes were up to few cm wide only. However, new liquefaction features were
also revealed, such as collapse systems, A horizon splitting, and “pillow-like structures”. The tendency
for liquefiable source layers to be close to the surface (<1.3 m depth in all study sites) was also a
feature of the coastal zone. This arises as a result of the ubiquity of liquefiable sediment deposited by
aeolian saltation processes, and also the proximity of the water table to the surface in the lower part

of the coastal plain where these sediment types and landforms occur.

4.4.2.2 A horizon splitting
In most of the trenches of the coastal setting disturbance was observed of the original organic-rich

surface (A) horizons of the sandy soils of the coastal area (e.g. bAh2010 at Featherston Reserve) by
both CES and past liquefaction events. The disrupted A horizons displayed many discrete organic-rich
lenses, and appeared disintegrated horizontally and sometimes vertically (Figure 5.8).
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It is hypothesized that deformation of the A horizon is a multi-step process which involves:

(1) injection of low angle dikes and sills, which dislocates or “delaminates” that horizon (Figure 5.8 b);

(2) further intrusion or injection of fluidised sand (sand dikes and sills) into the soil produces inflation,

fragmentation and disintegration of the A horizon (Figure 5.8 c);

(3) evacuation of fluidised sediment from close to the surface, and sometimes immediately beneath
the A horizon, causes collapse of parts of that horizon, which causes overthickening of sand blows in

the surface depressions created.

Other examples of A horizon splitting were observed at all the trenches investigated. For example,
between vertical lines 0.5 and 4 on the north-east wall of Trench WAI 1, a sandy paleoliquefaction sill
(L2S) is injected into a buried A horizon (b2Ah), splitting the soil (Figure 4.15). In QEll Trench 1, large
sections of the A horizon seem to be floating in a massive liquefaction sand (Figure 4.23 and 4.24).
Other examples of A horizon splitting features were exposed in the hand dug pits nearby the trenches
at Featherston Avenue Reserve (see logs of the pits in the Soil Pits Appendix, A8).

In general, A horizon splitting seems to create a complexity of the (soil) stratigraphy that could be
difficult to interpret after the event. In particular, A horizon splitting may be misinterpreted when
strong weathering starts obscuring the textural and chemical differences between the injected sand
and the in situ soil (e.g., old paleo-liquefaction) or when the injection occurs at the base of the Ah. The
organic-rich surface (A) horizons of the aeolian sandy soils of the coastal area appear to be particularly
prone to disruption or splitting caused by high pressure liquefied sediment and fluid-drag stresses
during injection of liquefied sediment. This is because A horizons are developed on well sorted aeolian
sand in which poorly structured or structureless soil horizons develop. Low clay content, poor
structure and low cohesion predispose the soil to parting and rupture (see Chapter 5 of this thesis for

more details).
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4.4.2.3 “Pillow-like” and collapse features
At Featherston Avenue Reserve, the disrupted buried A horizon remnants formed concave-upwards

crescentic forms, delineated by weathered sand (Fig. 5.11), that were called “pillow-like” features.
Physically, they resembled pillow structures, i.e., soft sediment deformation (SSD) features
characteristic of lacustrine sediment (sensu Anketell et al., 1970; Seilacher, 1969). However, in
lacustrine environments, the pillow structures are triggered by an inverse density gradient (denser
layer over a less dense layer see for references Alfaro et al., 1999; 2001 ; 2010; Moretti et al., 1999;
2002; Moretti and Sabato, 2007) not observed at Featherston Avenue Reserve: A horizons are low
density surface horizons with no high density overburden. Therefore, the mode of formation of
“pillow-like” features exposed in the coastal system of Christchurch posited here is different from the
above literature and is described as follows: 1) liquefaction of soil layers close to the surface such as
B or C horizons injects and splits the former topsoil forming two (or more) A horizon layers, or
produces several lenses of A horizons separated by liquefied sand (Figure 5.12b, of chapter 4); 2)
evacuation of sediment from the shallow subsoil causes subsidence and surface depressions (Fig. 5.12
b); 3) subvertical water-escape features (Figure 5.12 c) form to carry the sediment upward and allow
the high porewater pressure to be vented (Figure 5.12 c); 4) sand blow material and surface
organics/debris flow into surface depressions, increasing stratigraphic complexity (Figure 5.12 of
Chapter 5). In this scenario, the concave-up crescentic forms are result of the subsurface collapse

shown in Figure 5.11.

Collapse features observed in the coastal setting of Christchurch also resembled, in plain view, a sand
blow discovered by Amick et al. (1990) in the coastal setting of the East of United States. The latter
features were named craters and resulted from an explosive ejection of sediment resulting from
liguefaction. However, our experience during the Valentine’s Day Earthquake showed that the sand
blows were not induced by an explosive event (Chapter 5). Moreover, eye-witness reports from
residents of the Featherston Avenue Reserve make no mention of explosive ejection of material in any

of the liquefaction-inducing main shocks of the CES.
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Pillow-like features are therefore considered as type of collapse feature, which are likely to form when
the water table is close to, or at, the ground surface and the sediment is fully saturated. These features
have possibly been formed during the September 2010 Earthquake when the early spring water table
was very close to the surface.

The collapse features are formed as a result of the evacuation of fluidised subsurface sediment to the
ground surface, and to the formation of a void into which the overlying material collapsed (Chapter
5). In some cases the collapse is also followed by deposition of liquefied material on top of it. This
latter was observed, for example, at QEll Trench 1 south wall and at QEll Trench 2 Figures 4.19 and
4.21, respectively). Often the collapse feature is observed in conjunction with A horizon splitting
features.

At Trench PB1, another example of a 2010-2011 collapse feature was observed. Prior to 14th February,
a circular feature in the floor of Trench PB1 (c. ~ 0.5 m) was interpreted as a conduit through which
liquefied sand vented during a paleoliquefaction event (Figure 5.10). Based on lessons learned from
the Valentine’s Day liquefaction features (Figures 5.5, 5.6), this feature is now considered to be a plan-
section of a collapse feature. The central sandy core was interpreted as CES sand blow material that
flowed into a subsided topsoil (see Appendix 3). The olive green-coded ring (unit bAh 2010)
surrounding the central sandy core represents the subsided 2010 A soil horizon. Outside the olive-
green ring, a blue-coded thinner ring of sand is probably a later dike of the CES exploiting the weakness
at the boundary between the distorted A and C horizons (Chapter 5). In cross-section, the buried A

horizon would delineate the upwardly concave crescentic forms described as ‘pillow-like features’.

4.4.3 Surface manifestation and Landforms
The surface manifestation of liquefaction in the coastal fringe of Christchurch region appeared to

occur in spatial coincidence with the interdune depression, where the water table was shallower. At
Wainoni and QEIll Parks there is no clear geomorphic expression of the dune field because these sites
are located in the Christchurch urban area, and their original topography was modified. However, the

natural geomorphology of Featherston Avenue Reserve site is well preserved. The latter site is located
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in an interdune depression and a clearer association between liquefaction ejecta and geomorphic
features was observed. The nearby region was characterized by dune ridges that had none or very
rare surface manifestation of liquefaction (Figure 4.4). The high susceptibility of Featherston Avenue
site is caused by the shallower water table, induced by the proximity to the sea, and to Kairaki creek.
It is clear that the sites with surface manifestation of liquefaction had highly susceptible layers within
0.5 m of the surface. However, as previously addressed it is not ruled out that other subsurface beds
may have liquefied but the liquefied sand did not reach the surface, as shown by liquefaction features
and soft sediment deformation observed in the vibracores and piston cores retrieved at this site, or
by the soil pits.

4.4.4 Source layer of the 2010-2011 liquefaction
Information on the potential liquefaction source layer is inferred from the grain size analysis and

evidence for liquefaction features in trenches and cores. The analysis with Gradistat (in Gradistat grain
size analysis), permitted quantification of the main grain size properties of the stratigraphy explored:
grain size distribution, mean, sorting, skewness, kurtosis.

Comparison of the cumulative curves with the Tsuchida’s (1970) highlighted that all the sediment
(both trenches and core sediment) at the three sites investigated fell into the “liquefiable soil” area.
At all sites the dune sand was the primary source layer of liquefaction sand. However, at the three
sites there was also evidence of a second potential liquefaction source layer. At Wainoni Park there
was evidence of injection of alluvial sediment within the core at ~ 2.75 m depth from the ground (or
~+ 3.0 m a.s.l.), from grain size samples WAIT2_GS2_50-52 (Figure 4.28). The source layers of coastal
and alluvial origin could have liquefied during the same event or in two different liquefaction events.
At Wainoni Park, the water table was between 1.30 and 1.50 m depth during auger investigation in
the summer period (before the 2015 February trenching campaign), suggesting that during dry periods
the deeper layers (alluvial origin) may be an important source. Also, Wainoni Park did not liquefy
during the September 2010 earthquake (local reports and CGD0200, 2013) when it is reasonable to

assume higher water table conditions, but it did liquefy during the three major earthquakes in 2011
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(February eartquake, June and December earthquakes CGD0200, 2013). As a consequence, the
modern liquefaction features sourced from alluvial sediment (at least at 2.75 m from the ground or
deeper than this) could have been caused during any of the three 2011 liquefaction events, whereas
the modern liquefaction features formed from aeolian sediment were likely to result from the June or
December events when the water table was higher, reflecting winter or early summer conditions.

At QEIll Park the visual inspection of cores and trenches, and grain size analysis of the 2.45 m core of
QEIll Park confirmed the presence of aeolian sediment down to ~3.5 m depth (Figure 4.25). Therefore

the liquefaction source layer at this site is only characterized by aeolian sediment.

At Featherston Avenue Reserve, the high liquefaction susceptibility and the shallow water table meant
that a source layer was exposed in the trenches. The grain size analysis confirmed the field
stratigraphic interpretation showing that, like Wainoni and QEIll Parks, all the samples analysed
(collected from trenches and cores) fell into the liquefiable soil area of Tsuchida’s (1970), (Appendix
A7). The detailed analysis of the soft sediment deformation observed in the cores revealed also that
sand liquefied i) between 1.9 and 2.3 m depth in PB1T3; ii) potentially in the whole core sections of
PB2T2 and PB2T3; and iii) between 2.33 and 3.08 m depth and in PBV2 (see red dashed frame in Figure
4.32) but it did not reach the surface. The presence of clay rip-up clasts in the ancillary hand-dug soil
pits confirms also that liquefaction occurred at depth but did not come to the surface, as most of the
soil pits were dug in areas not affected by sand blows (see the soil pits profile in the Soil Pits Appendix,

A8).
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4.4.5 Example of subsurface architecture of the costal environment of Christchurch
Information from trenches and cores at Wainoni and QEIll Parks brought to light that coastal sediment

occurs to at least 4 m depth and that alluvial sediment is found below the coastal sediment at varying
depths.

At Featherston Avenue Reserve it was possible to investigate the subsurface architecture by
interpreting the stratigraphy along two orthogonal transects. The sediment from the surface (~1.2-
1.5ma.s.l.) to 3 m depth (-1.5 a.s.l., Figure 4.32) is of aeolian origin with a well sorted, unimodal grain
size distribution Gradistat grain size analysis. The sedimentary architecture at this site also shows
interactions of coastal and alluvial processes as for the coastal study sites of the Christchurch
Formation (Brown and Weeber, 1992). The location of the study site is likely to correspond with the
location of an old Waimakariri River channel that may have become a lagoon, and finally the channel
of the tidal Kairaki Creek. Once the channel was abandoned, it became filled with clay deposits (clay
plug or unit Cin Figure 4.32). Old river channels near the coast can turn into swamps or lagoons (Ricci-
Lucchi, 1980) and can have their beds located below the modern sea level, at a time of marine
regression. Due to the proximity to the coast, the old Waimakariri channel would have been separated
by a spit from the sea with a dune complex on it (unit D in Figure 4.32). As a consequence, the presence
of dune sediment below sea level may be explained with the migration of the dune set into the channel
(Shulmeister pers. comm). Such a scenario is consistent with the alternating clay- sandy clay and sandy
clay loam textures of unit T. However this hypothesis warrants further investigation to better define

the dynamics of the dune migration and to constrain the age of their migration.

4.4.6 Dune ages and paleoliquefaction features in the coastal setting
The dunes ages in Christchurch’s coastal fringe can be better constrained as an outcome of the

radiocarbon assays performed in this study. At Wainoni Park, a potential minimum dunes age is
afforded by sample W3ERC2 (Trench WAI 3) embedded in the b2Ah horizon at ~1.5 m depth of AD
988-1027. In a complementary manner, at QEIl Park a maximum dune age is established by samples

RAD 1 and RAD 2 (from the disrupted “mud lamina” layer of QEll Trench 1, at ~ 1.20 m depth) of
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AD 1422-1454 and AD 1411-1447, respectively. Another dune age was provided from a charcoal in
the retrieved core sediment at QEll Park at ~ 3.5 m depth (Figure 4.20) of AD 887-979. The latter age

is consistent with the dune’s age retrieved at Wainoni Park.

The age from the core at QEll Park revealed that the ‘mud lamina layer’ containing the two charcoal
samples dated (AD 1422-1454 and AD 1411-1447) is an in situ layer, disrupted by the liquefaction of
the Bw horizon. The age of the two samples dated within the mud lamina layer are ~ 600 years younger
the charcoal embedded in the core sediment at ~ 3.5 m depth. Therefore the mud lamina layer and
the sandy sheets including it must be younger than the sediment retrieved in the core. In conclusion
at QEll Park the sand dunes started to form at least 1000 years ago and were still forming ~ 600 years

ago in their upper part.

Considering that QEIll Park is higher in elevation (~7 m a.s.l.) but closer to the coastline, whereas
Wainoni Park is located at ~¥4 m a.s.l. and more inland, it is possible to consider the ages retrieved at
QEIll Park as being closer to the minimum (latest) age of the Christchurch Formation dunes. This means
that the dune field of the Christchurch Formation investigated at Wainoni and QEIl Parks were
deposited between 1000 (AD 988-1027 and AD 887-979) and sometime after 500 years ago (AD 1422-

1454 and AD 1411-1447) with deposition likely ceasing earlier at Wainoni Park.

The only satisfactory dating of the sand sheets at Featherston Avenue Reserve yielded an age of AD
1697-1950 (from sample PBV2_84 sample located at 1.70 m depth from the ground level, ~0.8 m a.s.l.,
Figure 5.32), and an age of AD 1637-1797 (from PBV2_124 sample located at ~1.90 m depth from the
ground level, ~0.5 m a.s.l.). The dune fields at Featherston Avenue Reserve are lower in elevation (~2
m a.s.l.) and very close to the coastline and it is expected they are younger than the dunes at Wainoni
and QEIll Parks.

According to the most recent chronology work on dune sediment of the north Canterbury Plains

(Shulmeister and Kirk, 1996), the ages of the dune system dated in this chapter have a reasonable
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correspondence to the Ashworths Beach Dune Ridge (1.0 + 0.6 ka) and to the coastal Dune ridge

(0.5+0.0 ka, from (Shulmeister and Kirk, 1996).

4.4.7 Paleoliquefaction features at Wainoni Park
In Trench WAI 1 the sandy unit within the buried A horizon (unit L2S) was interpreted as a paleo

liguefaction sill (between 0.5 and 4 m on the north east wall; Figure 4.15). The stratigraphic position
of unit L2S (splitting the A horizon, b2Ah unit), and its obvious weathering were the main reasons for
recognizing this unit as a paleoliquefaction feature (Figure 4.15).

There were no samples to date the sediment above and/or below the paleoliquefaction feature and
thus only a maximum age can be estimated based on two pieces of charcoal carried within the
liguefaction material. Samples W1RAD1 and W1RAD3 yielded ages of AD 1657-1803 and 1663-1950,
respectively. Combining these two samples’ calibrated age probability density functions in Oxcal
(Ramsey, 2008, 2009), the 95% confidence interval limits the maximum age to AD 1666-1803. These
dates are close to other paleoliquefaction investigations reported by Bastin (2015; 2016) which
documented paleoliquefaction ages between 1321 and 1960 in a site along the Avon River in
Christchurch. The potential paleoearthquake source of the paleoliquefaction features observed at

Wainoni study site is not investigated in this dissertation.

At Trench WAI 3 a wedge-like sandy unit (Unit L2S Figures 4.17 and 4.18) was interpreted as a possible
paleoliquefaction sand blow. This unit has a stratigraphic position on top of a buried A horizon and
below an anthropogenic fill. Unit L2S was characterized by sandier texture in comparison to the thick
buried organic topsoil below it, and its texture was very different to the anthropogenic fill. The trench
did not expose a feeder dike for this unit and thus the interpretation is only tentative. The two
radiocarbon samples collected from the east wall at WAI 3 yielded ages of AD 1640-1797 from unit
L2S and of AD 988-1027 from the b2Ah horizon, both establishing maximum ages for the putative sand
blow. The minimum maximum age is consistent with the age of the paleoliquefaction features dated

at Trench WAI 1, suggesting that this layer could have been part of the same paleoliquefaction event.
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4.4.8 Paleoliquefaction features at QEll Park
The weathered dike and the corresponding sill on the north wall of QEIll Trench 2 was the only

occurrence of a paleoliquefaction feature at QEIl Park. The micromorphological analysis (Chapter 6 of
this dissertation) was able to ascertain that this layer was a paleoliquefaction unit, by investigating the
degree of weathering and other features of the soil fabric (Sample 716 of Chapter 6). A modern
liquefaction fabric is loose and single grain with none or very few pedofeatures (silt and clay coating,
organic fragments, excrements). The dike on the north wall of QEIl Trench 2 was characterized by high
abundance of soil pedofeatures and bridged fabric yet featured grain fabrics consistent with
emplacement by liquefaction processes. For details on the micromorphology technique and on QElI
Trench 2 liquefaction features fabric the reader is referred to Chapter 6. Unfortunately, it was not
possible to date this paleodike as no datable material was found to constrain its age.

No paleoliquefaction features were exposed at Featherston Avenue Reserve,despite the site having
conditions highly susceptible to liquefy during even relatively low intensity shaking. The near surface
liguefaction and the extreme disturbance of the soil profile that results from each liquefaction event

conspire against preservation of a history of past events (Chapter 5)
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4.5 CONCLUSION
Liquefaction features at three sites of the coastal setting of Christchurch have been documented:
Wainoni and QEIl Parks in the urban area of Christchurch and Featherston Avenue Reserve in the north
Canterbury region. In the coastal dune setting, liquefaction features are more associated with
interdune deposits, which may be underlain by alluvial sediment (as shown by the Transect 1 and 2 at
Featherston Avenue Reserve site). Sand blows are large and occur in isolation, in contrast to the linear
trends of sand blows in alluvial environments. The liquefaction source layer is the dune sediment itself,
supplemented by minor alluvial sediment sourced from depth. Liquefaction subsurface features
observed in the coastal setting are mainly a consequence of near surface liquefaction, and they are:
A horizon splitting, collapse features, and pillow-like structures. Other features observed are also
common to the alluvial setting such as sand blows and sub-vertical dikes. Surface liquefaction features
observed in the coastal setting are characterized by a rounded or subrounded shape and are larger
than those observed in the alluvial sites (Chapter 3 of this thesis) with dikes up to 1.0 m, and sand
blows greater than 1 m diameter, except for alluvial sites with liquefaction in association with lateral
spreading. Near surface liquefaction can strongly disrupt the original stratigraphy making the

sedimentary and liquefaction history interpretation difficult.

A maximum age for paleoliquefaction features is only inferred at Wainoni Park (AD 1666-1803). In
contrast, the micromorphology analysis ascertained the presence of paleoliquefaction features also
at QEll Park, but no age constraints were found satisfactory at this site. At Featherston Avenue Reserve
the overprinting of multiple liquefaction generations, due to the high liquefaction susceptibility at this
site resulted in particularly challenging identification of past liquefaction events. This is common

problem in areas were the liquefaction source is immediately below the ground surface.

Regarding pros and cons of each technique tested during the liquefaction investigation in the coastal

setting, it is possible to conclude that:
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e After six years from the major earthquakes causing liquefactions, CES-related liquefaction
ejecta was not well preserved. Thus the 3D GPR enhanced the effectiveness of our trenching
campaign, since it accurately localized the liquefaction features at depth by the subsurface
anomalies they created. The 2D GPR survey results were not always effective as they did not

clearly reflect the stratigraphy exposed in the trenches on occasions.

e In the coastal dune setting the paleoseismic trenches had to be very shallow because of the
shallow water table. They were more susceptible to collapse because of the lack of cohesive
material and shallow water table. However, very relevant information was extracted from
them. In addition, analysis of hand-dug pits in proximity of the trenches was a useful exercise

to understand the stratigraphic variations that were not exposed in the trenches.

o The high susceptibility to liquefaction that characterizes the coastal setting prevents this
setting from recording evidence of paleoliquefaction in its stratigraphy. Therefore, in contrast
to the alluvial setting, the coastal setting is not the best depositional setting to look for
paleoliquefaction features.

The compounded methodology for investigating liquefaction and paleoliquefaction identified by
Villamor (2014, 2016) is here applied to the coastal setting with satisfactory results. The liquefaction
investigation in the coastal setting of Christchurch here presented can be considered as a pioneering
but still reconnaissance study. More studies are needed to corroborate the liquefaction susceptibility
of the dune fields in the Canterbury Plains and elsewhere and, as a consequence of this, the variability
of some specific coastal liquefaction features (e.g. A horizon splitting, collapses and pillow-like

structures) in relation to dune age and degree of weathering.
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Chapter 5

WHEN THE EARTH BLISTERS: EXPLORING RECURRENT LIQUEFACTION FEATURES
IN THE COASTAL SYSTEM OF CHRISTCHURCH, NEW ZEALAND

Giona Bucci, M.; Almond, P.; Villamor, P.; Ries, W.; Smith, C.; Tuttle, M;

Paper accepted for publication in the Terra Nova Journal 2017 on 14" March 2017
ABSTRACT

The 14™ February, or Valentine’s Day, 2016 earthquake located offshore of Christchurch produced a
new generation of liquefaction in the coastal environment of Christchurch, an environment of
recurrent liquefaction during the 2010-2011 Canterbury Earthquake Sequence. The Valentine’s Day
earthquake occurred while trenches were open at a site in the coastal environment for studying the
2010-2011 liquefaction features. Observations in the 2016 trenches provided insights into the
formation of a suite of surface and subsurface liquefaction characteristic of the dune deposits related
to the persistent shallow water table, well sorted sand within the liquefiable layer and the soil above.
Given these conducive conditions, there is a high potential that all earthquakes capable of inducing
liguefaction may have been recorded during the dune formation of Christchurch. However,
overprinting of subsequent generations of liquefaction features may be common and present
challenges in unravelling the event history.

5.1 Introduction and geological context

The Mw 5.7, 14" February 2016 (Valentine’s Day) earthquake, centred ~15 km offshore of
Christchurch city (Figure 5.1), occurred during a field campaign aimed at studying liquefaction features
in the coastal dune environment resulting from the 2010-2011 Canterbury earthquake sequence (CES)
(Figures 5.1 and 5.2) (Bannister and Gledhill, 2012). Our study site at Featherston Avenue Reserve,
near Kaiapoi (Figure 1), suffered liquefaction during each of the larger earthquakes of the CES
(September 2010, February 2011, June and December 2011 quakes) (Bannister and Gledhill, 2012;
Brackley et al., 2012; Townsend et al., 2016), and reports from local residents) and again during the

Valentine’s Day Earthquake (Kaiser et al., 2016) (Figure 5.3). Featherston Avenue Reserve is located
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on the landward margin of the coastal dune field near Kaiapoi and adjacent to Kairaki creek (Figures
5.1, 5.2 and 5.3). At this site, the water table is very shallow (0.6-0.7 m depth from the surface) and
during wet winters the sediment and soil are fully saturated.
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Figure 5. 1 a) General location of study sites; b) Location of Valentine’s Day Earthquake (2016) main shock and recorded
PGA levels across the Canterbury Plains. Location of main townships; c) Geomorphology of the coastal fringe of the
Canterbury Plains. Location of the coastal study sites investigated during liquefaction field campaigns between January
2015 and February 2016.
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Figure 5. 2 a) DEM of the Coastal site at Featherston Avenue. Featherston Avenue Reserve study area is highlighted by the
red frame; b) Aerial imagery of Featherston Avenue Reserve study area after the September 2010 Earthquake showing
liquefaction features in the study area and in the adjacent low laying area close to the Kairaki Creek.

For several decades, alluvial, deltaic and coastal dune systems have been recognized worldwide as
liqguefaction prone settings (Alfaro et al., 1999; Amick et al., 1990; Holzer et al., 2010; Moretti, 2000;
2002; Tinsley et al., 1998; Tuttle, 1999; Youd and Hoose, 1977; Youd and Perkins, 1978) . The CES
studies (Almond et al., 2012; Bastin et al., 2015; Quigley et al., 2013; Tuttle et al., 2017 ; Villamor et
al., 2016; 2014), together with studies from other recent liquefaction events (Alessio et al., 2013;
Civico et al., 2015; De Martini et al., 2015; Fontana et al., 2015), have focussed on the alluvial setting.

However, liquefaction features in the coastal setting of the Canterbury Plains have not been the

subject of detailed study.
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A post-earthquake survey following the Valentine’s Day Earthquake documented liquefaction along
the coastal fringe of Christchurch, Figure 5.1 b, (Kaiser, et al 2016). Investigation of the pristine
features of the 14th February 2016 event provided us with insights into the morphology, stratigraphy

and genesis of surface and subsurface liquefaction features in the coastal environment.
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Figure 4. 3 Map of the liquefaction surface manifestation at Featherston Avenue Reserve caused by the 2010-2011
Earthquake sequence and by the 2016 February event. Location of paleoseismic trenches excavated before (PB1, PB2 and
PB3 trenches) and after (PB4 trench) the Valentine’s Day Earthquake.

In this study, we describe liquefaction effects in the coastal dune setting at Featherston Avenue
Reserve (Figures 5.2 and 5.3). This serendipitous event enabled us to: 1) better understand the 2010-
2011 liquefaction features observed during previous field campaigns in coastal suburbs of

Christchurch city (Wainoni and QEIl Parks, Christchurch City- Figure 5. 1c; trenching study undertaken
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in January 2015, not reported here) and at Featherston Avenue Reserve site (trenching study
undertaken between 1% and 12th February 2016, prior to the Valentine’s Day Earthquake); 2)
document the different types of surface manifestation of liquefaction in the coastal setting; 3) analyse
the complexity of a dune soil profile affected by liquefaction soon after the event and several years
later; and 4) confirm that coastal dune deposits are highly susceptible to liquefaction.

5.2 Methods

We documented liquefaction surface manifestation three hours after the Valentine’s Day Earthquake
event. This involved photographing, locating (hand-held GPS), and characterising (length, width,

thickness, colour and texture) each feature. Data were then compiled into a geospatial database.

After the Valentine’s Day earthquake, we excavated an exploratory trench (PB4 trench; Figures 5.3
and 5.5) at Featherston Avenue Reserve, across a compound liquefaction feature that contained a
blister -similar to those documented by Villamor et al., (2016; 2014)-, a fissure (3.5 m length), a
collapse structure, and sand blows (Figure 5.4). The presence of a shallow water table did not allow
us to dig below 0.25-0.30 m depth. This trench added to the three previous trenches (PB1, PB2 and
PB3, Figure 5.3) we had excavated between 1 and 12*" February to study CES-related liquefaction

features.

Figure 5. 4 Blister and related sand blows caused by the Valentine’s Day Earthquake at Featherston Avenue Reserve site,
(photo taken on 15 February 2016).
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In all trenches, we mapped the strata and liquefaction features using grids of about 0.25 m? or less
both on the floor and on the walls. For sedimentary and soil units descriptions, we used standard

methods (Clayden and Hewitt, 1994; Schoeneberger et al., 2012) .

o
~N
i

Soil Unit

- 2016 Topsoil Ah

Lj Cr horizon

m LO sill (2016 liquefaction sill)

- LOblow (2016 sand blow)

! bAh2010 (buried 2010 paleosoil, Ah)
bSB2010 (buried 2010 sand blow)

Figure 5. 5 Trench PB4, north wall (liquefaction during Valentine’s Day Earthquake). A blister formed as a sill was injected
into a CES sand blow. The CES sand blow was dated based on the location of a food can with a 2010 expiry date found in the
buried 2010-2011 A horizon (unit bAh2010), for more details see Appendix A3 Figurel. Location of the food can projected on
trench wall. The trench was only ~25 cm deep because the water table was very shallow soon after the earthquake. The
spacing of the grid lines is 0.5m as showed in Figure 4.
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5.2.1 Valentine’ s Day liquefaction features at Featherston Avenue Reserve site
The top layer in the PB4 trench walls was the 14™ February sand blow (unit LOblow in Fig. 5.5). Below

unit LOblow, a thin topsoil (labelled as unit 2016 Topsoil Ah in Fig. 5.5) had developed above olive-
brown sand (unit bSB2010) that buried a paleo-topsoil (unit bAh2010) in which we found a food can
in situ with a 2010 expiry date (Data Supplement Figure 5.1). The food can confirmed the
interpretation of units bSB2010 and bAh2010 as post-CES. The Valentine’s Day earthquake
liguefaction formed grey, sandy dikes and sills (unit LO sill) that partially intruded the CES sand blow

(unit bSB2010).

The features exposed in the trench and at the ground surface are exemplars of three phenomena that
appear to be common in the surface manifestation of liquefaction in a coastal setting: Blister-collapse

systems, A-horizon splitting, and rapid chemical weathering.
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5.3.1.1 Blister-collapse system

We described the Blister-collapse system (Figure 5.6) as a compound feature characterized by a
surface protrusion (blister, see convex shape of the ground surface above unit LO sill in Trench PB4;
Figure 5.5b and c; Figure 5.6) and an adjacent collapse feature (see the surface concavity to the right
of vertical grid 1 m on Figure 5.5a, and Figure 5.6). Blisters were often associated with collapse

features, thus we name them here blister-collapse features (Figure 5.6).

Formation of blister-collapse feature

Panel 1 Panel 2
Bli§ter Ground Depression

Valentine's Day
Earthquake

Panel 3

Blister Ground Depression
filled in with liquefaction material

Figure 4. 6 Formation of the blister-collapse system in PB4 a) Soil profile of the coastal sand dune at Trench PB4. Note that
the sandy layer b2010SB is a 2010 Sand blow covered by 2016 A horizon (Ah 2016 unit), and on top of a buried 2010 A horizon
(bAh2010); b) As a consequence of the Valentine’s Day Earthquake: the C horizon liquefies and injects a sill into the 2010 sand
blow (unit b2010SB). The new injection inflates the subsurface producing a blister. Next to the blister, ground subsidence
occurs due to the evacuation of water and sandy sediment during the liquefaction process; c) The liquefied sediment extrudes
at the surface (ejected through dikes not visible in this figure) and flows into the ground depression.

Blisters were described for the first time in an alluvial setting by Villamor et al., (2016; 2014), where
they were not as common as what was observed in the coastal setting. For example, in Featherston
Avenue Reserve and in the wider Christchurch coastal fringe numerous blisters appear as a

consequence of the the Valentine’s Day Earthquake.

We hypothesized that the collapse feature adjacent to the blister formed as result of the evacuation

of fluidised subsurface sediment to the ground surface and the formation of a void into which the
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overlying material collapsed. We probed beneath the water table and confirmed the existence of a
void. The PB4 trench floor intersected the base of the collapse, revealing a semirounded structure of
the near-surface A/C horizon (Fig. 5.7). The semirounded shape was delineated by silt lenses and by

the weathered olive yellow sand of the CES sand blow (unit bSB2010, Data Supplement Figure 5.2).

Legend

\_1 AC - bAh2010 (buried A horizon 2010)
- 2016 Ah A bSB2010 (buried sand blow 2010)
‘ ‘ Cr - root cast

[ Jwoeoe .

\_1 Rip up clasts area

Figure 4. 7 Collapse feature as exposed on the floor of Trench PB4. Note the 2016 A horizon (2016 Ah unit) showing a rounded
shape and surrounded by a silt layer (in purple colour). The silt layer is a typical feature of the post liquefaction process during
which fine sediment settles out, as a consequence of the decrease in pore water pressure. The circular A horizon (2016 Ah
unit) was surrounded by another circular exposure of yellow weathered sand representing the collapsed 2010-2011 sand blow
(bSB2010 unit). Within the yellow weathered sand blow there is again evidence of the new Valentine’s Day liquefaction
injections appearing as gray fine sand (LO). In this case, the colour pattern was very important to help distinguishing the new
event (non- weathered and blueish colour) from the old one (yellow and weathered). Unit bAh 2010 represents the buried
2010 topsoil; unit Cr is the sandy parent material of the coastal dune soils, and the A/C soil layer represents transitional
horizon between the bAh2010 and the Cr horizon.
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5.3.1.2 A-horizon disruption

In the trenches, we observed disturbance of the original organic-rich surface (A) horizons of the sandy
soils of the coastal area (e.g. bAh2010). The A horizons displayed many discrete organic-rich lenses,

and appeared disintegrated horizontally and sometimes vertically (Figure 5.8).
We hypothesized that deformation of the A horizon was a multi-step process as follows:

(1) injection of low angle dikes and sills into the A horizon, which dislocates or “delaminates” that

horizon (Figure 5.8, b);

(2) further intrusion or injection of fluidised sand (sand dikes and sills) into the soil produces inflation,

fragmentation and disintegration of the A horizon (Figure 5.8, c);

(3) fluidised sand (sand dikes) breaks through the entire thickness of the A horizon to form many
closely spaced vents at the ground surface, carrying A horizon rip-up clasts into the matrix of the sand

blow (Figure 5.9).

A horizon splitting in the coastal setting

osm 4/ Topsoil

Water table Bw horizon

C horizon
M Earthquake
or
Injection of the A horizon by low angle sill Disintegration of the A horizon to form

many discrete organic rich lenses

Figure 4. 8 A horizon disruption; a) soil profile before the earthquake; b) the liquefaction splits apart the A horizon; c) the
liquefaction injection splits apart and further delaminates the A horizon forming disconnected lenses of A horizon material.
The black arrow indicates the flow direction of the liquefaction material.
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Figure 5. 9 9Example of A horizon splitting producing numerous rip-up clasts from the buried A horizon (bAh; dark blue colour)
within a 2010 sand blow (unit L1sb; gray colour) in Trench PB2 (north wall).

5.3.1.3 Rapid weathering

We observed that at Featherston Avenue Reserve six years after the 2010-2011 liquefaction events,
the sand comprising the sand blow, sills and dikes have weathered to a pale yellow (5Y 5/2) with or
without ferruginous redox mottles. The vented sand appears to be particularly prone to chemical
“ripening”, which occurs when it is brought from the anoxic zone beneath the water table to the
aerated zone above the water table (Lafrenz et al., 2013; Pons and Zonneveld, 1965; Vermeulen et al.,

2003).

|ll

We interpret that the chemical “ripening” process was accentuated at our site by the very shallow
water table and its seasonal fluctuation. In contrast, liquefaction features related to the CES studied
in a fluvial setting (inspected between 2012-2013), remained grey in colour (Villamor et al. 2016). The

rapid oxidation of the sediment caused us to initially misinterpret the CES-related liquefaction

sediment as much older.

5.3.2 2010-2011 liguefaction at Featheston Avenue Reserve site
The three pre-Valentine’s Day Earthquake (1% to 12™ February 2016), paleoseismic trenches (Fig 5.3)

were located where sand blows formed during the 2010-2011 earthquakes. Before seeing the effects
of the Valentine’s Day earthquake, the structures exposed in the trenches were difficult to interpret.

For instance prior to 14" February, we interpreted a circular feature in the floor of Trench PB1 as a
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large (c. ~ 0.5 m) conduit through which liquefied sand vented during a paleoliquefaction event (Figure
5.10). Based on lessons learned from the Valentine ’s Day liquefaction features (Figures 5.5, 5.6), we
now consider this to be a cross-section of a collapse feature. We interpret the central sandy core as
sand blow material that flowed into a subsided topsoil (see Appendix 3 Figure 5.3). The olive green
ring (unit bAh 2010) surrounding the central sandy core represents the subsided 2010 A soil horizon.
Outside the brown ring, a blue thinner grey ring of sand is probably a later dike of the CES exploiting

the weakness at the boundary between the distorted A and BC horizons.
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Figure 4. 10 Collapse Feature at PB1. The sandy core (unit CES sand blow, light blue colour in trench log) represents the sand
blow material that flowed into a convex cavity in the ground. The dark olive green ring is the pre- CES topsoil (unit bAh 2010).
The dark blue-grey sandy feature outside the pre-CES topsoil is a later CES dike of the CES that exploited weakness planes
around the collapse feature.

Before the Valentine’s earthquake, the complex stratigraphy and the strong weathering led us to infer

multiple liquefaction events including effects of the CES and prior events. However, our re-evaluation

of the rate of weathering (faster than we initially expected) suggests that the features exposed prior
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to the 14th February formed as recently as the 2010-2011 CES events (with no need to infer a greater
antiquity). Furthermore, the presence of multiple A horizon remnants does not necessarily suggest
multiple liquefaction events (although we don’t rule it out) because the process of A horizon splitting

can produce a complex geometry during just one liquefaction event.

The buried A horizon remnants formed concave-upwards crescentic forms, delineated by weathered
sand (Fig. 5.11), that we will call “pillow-like” features. Physically, they resembled pillow structures,
i.e., soft sediment deformation (SSD) features characteristic of lacustrine sediment (sensu Anketell et
al., 1970; Seilacher, 1969). In lacustrine environments, the pillow structures are triggered by an inverse
density gradient (Alfaro et al., 1999; Alfaro et al., 2001 ; Alfaro et al., 2010; Moretti, 2000; Moretti et
al., 2002; Moretti and Sabato, 2007) not observed at our study site. Therefore, our interpretation of
their formation for the coastal setting is different from the above literature and is described as follows:
1) liquefaction of soil layers close to the surface such as B or C horizons injects and splits the former
topsoil forming two (or more) A horizon layers, or produces several lenses of A horizons separated by
liquefied sand (Figure 5.12.b); 2) evacuation of sediment from the shallow subsoil causes subsidence
and surface depressions (Fig 5.12.b); 3) subvertical water-escape features (Figure 5.12.c) form to carry
the sediment upward and allow the high porewater pressure to be vented (Figure 5.12.c); 4) sand
blow material and surface organics/debris flow into surface depressions, increasing stratigraphic
complexity (Figure 5.12.d). In this scenario, the concave-up crescentic forms are result of the

subsurface collapse shown in Figure 5.12.
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Pines Beach Trench 2 South Wall pillow like structure

Soil Units

[ Ah fine sand with organic matter

[ L1sbfine sand

I Charcoal

I Stone

[ Cr1 fine sand

[ Cr2fine sand

I bAh fine sand with organic matter

B L1 SILL fine sand

] bAh/Ls1 fine sand with some organic matter

[ gravel
I silty injection

T
3 3.5 4 45 5

Figure 5. 11 Pillow-like features observed at Trench PB2. These features are caused by the low cohesion of the coastal sandy
dune soils together with a shallow water table (close to the surface), which allow multiple, closely spaced vents acting as
conduits for shallow liquefied sediment. Ejection of this sediment result in closely spaced depressions sited above subsurface
collapses. Surface ejecta produce broad composite sand blows without significant sediment thickness. Splitting of the topsoil
below the sand blows during liquefaction produces layering that also delineates depressions, adding to the complexity of the
liquefaction induced sediment deformation (See Diagram in Figure 13 for detailed explanation). Sand blows are only thick
where ejecta flow into the surface depressions. Because these peculiar pillow-like features are likely to be formed when the
water table is at the surface, we interpret that they formed during the early spring September 2010 earthquake (higher water
table).

Collapse features observed in the coastal setting of Christchurch also resembled in plan view, a sand
blow discovered by Amick et al. (1990) in the coastal setting of the East of United States. The latter
features were named craters and resulted from an explosive ejection of sediment resulting from
liguefaction. However, our experience during the Valentine’s Day Earthquake showed that the sand

blows were not induced by an explosive event.
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M

Legend Earthquake Legend

Hl A horizon I A horizon splitted and deformed by liquefaction

B B horizon I B horizon liquefying and injecting the A horizon
C horizon C horizon deformed by liquefaction

Legend Legend
Bl A horizon splitted, deformed by liquefaction post-liquefaction A horizon
is now covered by the sand blow coming at the surface and it becomes bAh unit mm bAh horizon
B B horizon liquefying and injecting the A horizon mm B horizon liquefying and injecting the A horizon )
ejects sediments at the surface forming the sand blow sediments ejects sediments at the surface forming the sand blow sediments
[ sand blow [ sand blow
C horizon deformed by liquefaction C horizon deformed by liquefaction

Figure 5. 12 Simplified diagram of pillow-like structures occurred at Trench PB 2; a) Soil profile of coastal sand dune before
the earthquake; b) The B horizon liquefies and water and sediment travel upwards disrupting the overlying stratigraphy (Ah)
through dikes and soil splitting. Also the mobilization of water and sediment induces subsidence of the ground surface; c) the
liquefied material is vented at the surface and it starts to flow into the subsided areas, covering the topsoil. The original
topsoil becomes a buried topsoil (bAh); d) Several months after the liquefaction new topsoil starts to form, which can modify
the stratigraphy and features of the most recent sand blows.

5.3.3 Characteristics of the costal dune setting implicit in the style of liquefaction features
The nature of the sandy surface soil horizons and the shallow groundwater table (fluctuations from

ground surface to less than 1 m deep) in the sand dune environment influence the response to
liguefaction, as well as the high susceptibility to liquefaction in coastal settings. The coastal soils are
weak (low cohesion) owing to the low clay and silt content and rarity of roots, which allows the soil to
separate and fragment in ways not commonly seen in the finer textured and more cohesive soils of
the alluvial environment. As a result, A horizon rip-ups are more abundant and A-horizon splitting
more severe than in alluvial environment. Collapses develop where the low cohesion subsurface

horizons drop or flow into an accommaodation space formed by the evacuation of sediment.

In contrast to the dune setting, liquefaction in the alluvial environment produced mostly sand blows,
dikes and sills in the finer and layered sediments (Bastin et al., (2015), Quigley et al.,(2013), Villamor

et al., (2016; 2014)). Common to both settings, although apparently less abundant in the alluvial
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environment (Villamor et al., 2016, 2014), blisters form where a dense network of fine (grass) roots

reinforce the surface soil (A) horizon.

While the coastal setting provides heightened opportunity for finding paleoliquefaction features, its
susceptibility to liquefaction also means that the likelihood of overprinting by successive events is
high. Therefore, sites should be sought where sand blows may be buried and preserved ideally forming
an event stratigraphy. For example, the M 6.9 Cheviot earthquake of 1901 caused liquefaction in
nearby Kaiapoi (~4.5 km west of Featherston Avenue Reserve) (Berrill et al., 1994; Wotherspoon et
al., 2012) and almost certainly induced liquefaction at the Featherston Avenue Reserve, though did
not necessarily at the same locations as our trenches. However, we could distinguish no unequivocal
evidence of it amongst the complex stratigraphy. Furthermore, the rapid oxidation of sediments
(confirmed in this study) limits our ability to discriminate on the basis of weathering characteristics.
5.4 CONCLUSIONS

Investigation of liquefaction features that formed during the 2016 Valentine’s Day earthquake
improved our understanding of complex liquefaction features that had formed during the 2010-2011
Canterbury earthquakes. The investigation was conducted at Featherston Avenue Reserve,
Christchurch, in the interdune swales and low-lying fringe of the coastal sand dune belts. Features that
formed during the Valentine’s Day earthquake, include blisters, collapse structures, A horizon splitting,
and rapid oxidation of vented sediment. These features are distinctive from those that form in the
alluvial setting because of the lack of fines (silt and clay) in the dune sand and the persistent shallow
water table. These characteristics make this type of coastal dune environment highly susceptible to
liguefaction and thus a prime target for paleoliquefaction studies. However, the high susceptibility of
the coastal sediment to liquefaction may lead to overprinting of liquefaction features by subsequent
events. The latter effect will make discrimination between paleoliquefaction events especially

challenging.
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Chapter 6

MICROMORPHOLOGICAL ANALYSIS OF LIQUEFACTION FEATURES IN ALLUVIAL
AND COASTAL ENVIRONMENTS OF CHRISTCHURCH, NEW ZEALAND

6.1 Introduction

Liquefaction is one of the most important off-fault markers of the presence of past earthquakes in low
lying areas where there are water saturated Holocene sediments. Liquefaction during the 2010-2011
Canterbury Earthquake Sequence (CES) provided new opportunities for studying this phenomenon.
For example, a detailed study of the sedimentary architecture associated with surface ejecta was
undertaken and presented in the first chapters of this thesis, in the alluvial and coastal settings, in
order to better understand 1) the characteristics of the liquefaction hosting sediment, 2) the
depositional setting of the liquefaction source layer and 3) the geomorphic correlation with the
liguefaction surface manifestation (Chapters 3 and 5). One of the main results of this study is that
liguefaction features are not always associated with a clear dike. For example, in the coastal setting
and when the water table is close to the surface, processes such as A horizon splitting (Chapters 4 and
5) are caused by liquefaction but are not necessarily associated with presence of dikes, as known in
the alluvial setting (Chapter 3). Therefore, new ways to identify the presence of paleoliquefaction are

needed.

Paleoliquefaction studies are particularly important to assess the recurrence of strong ground shaking
in areas where the faults are hidden and on-fault studies are not possible, such as New Madrid Seismic
Zone (USA) (Csontos and Van Arsdale, 2008; Tuttle and Hartleb, 2012a). The identification of a
sedimentary unit as representing a paleoliquefaction event in exploratory trenches or natural

exposures is critical to assess the presence of past strong ground shaking.

Modern and paleoliquefaction features include sand blows, rip up clasts, dikes, and sills (see the
Literature Review in Chapter 1 for a summary) but also blisters, A horizon splitting and soil
deformations (see Chapters 3, 4 and 5 of this thesis). Commonly, identification of paleoliquefaction

features relies heavily on the analysis of the geometric relationships, at outcrop scale, between natural
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soil horizons or depositional layering (bedding/lamination) and the features produced by liquefaction.
In particular, finding dikes connecting with units suspected of being sand blows or sills is traditionally
considered a sine qua non requirement to confirm the presence of paleoliquefaction (Tuttle, 1999).
Liquefaction features are either syn- or post- pedogenic phenomena depending on whether they are
paleo or contemporary features, respectively, and hence their degree of weathering is often less than
that of the hosting soil. Such weathering contrasts are corroborating evidence in support of
stratigraphic inferences. Furthermore, weathering contrasts, including differences in oxidation, grain
coating, and development of redoximorphic features, can be used to discriminate contemporary
features from paleoliquefaction, or one generation of paleoliquefaction from another (Bastin et al.,

2015; 2016; Tuttle et al., 2017 ; Villamor et al., 2016).

By chance, dikes feeding liquefaction features, sills or sand blows may not be intersected by the
trenches, in which case confirmation of a liquefaction event remains equivocal. On the other hand,
where multiple generations of paleoliquefaction features are evident, weathering contrasts at the
outcrop scale may not have sufficient resolution to discriminate them temporally. It is common for
weathering features to develop rapidly during the initial phase of pedogenesis and then to evolve at
slower rates (Birkeland, 1999); hence, resolution of age differences declines with feature age such that
unequivocal distinction between paleo-liquefaction features of different age may become
problematic. For example, it is possible to easily identify the difference between a modern liquefaction
of ~5 years and a paleoliquefaction of ~500 years old, but it becomes more difficult to properly identify

the differences between a paleoliquefaction feature of 500 years and 800 years old.

This chapter explores the opportunity offered by micromorphology to characterise 1) microscopic
sediment fabric features diagnostic of sediment emplacement by liquefaction; and 2) weathering
features evident at this resolution that could be used to discriminate between different generations

of liquefaction features.
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Sediment or soil micromorphology involves the microscopic characterisation of sediment and soil
fabric features (Brewer and Sleeman, 1960). Soil thin section analysis has been used in a wide variety
of pedological and sedimentological studies to elucidate aspects of pedogenesis, deposition, post
depositional disturbance and diagenesis (Phillips, 2006; 2013; Van der Meer et al., 2009; 2011). Only
recently, micromorphology has been used in paleoseismic analysis. For example, Vanneste (2008)
used the thin sections collected from two paleoseismic trenches along the active Geleen Fault
segment in the Roer Valley Graben,Belgium, to prove the presence of a colluvial wedge caused by an
old fault rupture. Vanneste’s (2008) application made clear how thin section analysis can provide
evidence of soft sediment deformation, sediment microfaulting and microfolding typical of low to
moderate earthquake zones, with none or very small geomorphic evidence of past earthquakes.

However, to date, earthquake induced liquefaction features have not been studied at the micro scale.

The approach used in this application of micromorphology is, firstly, to explore modern unequivocal
liqguefaction features related to the CES (Canterbury Earthquake Sequence) to characterise their
sedimentary fabric. And secondly, to compare the micromorphology of modern with unequivocal
paleoliquefaction features to define the more subtle microscopic scale weathering and pedofeatures
that may be useful in distinguishing paleoliquefaction features from contemporary liquefaction
features, or multiple generations of paleoliquefaction features. The aim is to define a set of
characteristics that can be used in future micromorphological studies of paleoliquefaction to resolve
sequences and timings of events.

6.2 Geological setting and field relationships

The 2010-2011 CES began with the Mw 7.1 Darfield earthquake on 4 September 2010. This event was
caused by an unknown, blind fault near Darfield with a hypocentre located at depth of 10 km. During
the 2010 event the fault ruptured the surface along several traces including the Greendale fault
(Basher et al., 2011; Cubrinovski et al., 2010; Quigley et al., 2012; Van Dissen et al., 2011). Liquefaction
affected residential houses near waterways, wetlands throughout the Christchurch city and the town

of Kaiapoi as well as rural areas near streams and former channels of the Waimakariri River. (Almond
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et al., 2012; Brackley et al., 2012; CGD0200, 2013; Orense et al., 2011; Townsend et al., 2016; Villamor
etal., 2016). The sequence continued in a series of aftershocks through 2010 and early 2011 (Bannister
and Gledhill, 2012). A significant event occurred on 13 June 2011 causing liquefaction and damage in
the eastern suburbs, while further events of Mw 5.8 and Mw 5.9 occurred offshore from Christchurch
in December 2011. The most devastating aftershock, the Mw 6.2 Christchurch earthquake of 22
February 2011, caused 185 fatalities, damaging landslides and rock falls in the hills, and extensive

liguefaction throughout the city (Bannister and Gledhill, 2012).

As a precursor of the present project, multiple trenches were excavated on properties near Greenpark,
close to Lincoln, in a green fields area near the Halswell River (Almond et al., 2012; Villamor et al.,
2016; 2014) (Figures 3.3). Landforms are all of fluvial origin and are related to transport and deposition
of sediment on the floodplain of the Halswell River or to a former distributory of the Waimakariri River
(Brown et al., 1988). In a later campaign, trenches were excavated in the coastal environment where
landforms included dunes, interdune swales, sand plains and swamps. Trenches provided vertical and
horizontal exposure of subsurface stratigraphy, which included liquefaction and paleoliquefaction
injection features and cross-sections of remnants of CES sand blows and blisters at the land surface
(Tuttle et al., 2017 ; Villamor et al., 2016; 2014).

6.3 Sample Location

6.3.1 Alluvial paleoseismic trenches
In the alluvial setting, trenches were excavated and sampled at the Hardwick property, located on the

Halswell River floodplain, Greenpark area, ~28 km south west of Christchurch (Figure 3.3 in Chapter

3).

The Halswell alluvial floodplain lies on the Yaldhurst surface, characterized by Waimakariri age (700-
2400 years old) and Selwyn age (less than 300 years old) soils. In particular the soil at the study site is
a Recent Gley soil of the Taitapu soil series (LCR, 2016). For more details on the geomorphic surfaces

and soil types of the Halswell floodplain, refer to Chapter 2 and 3.

218



Chapter 6

Two trenches were selected for thin section analysis: Trench HWK 3 and Trench HWK 6. Trench HWK3
was excavated on top of a crevasse splay (Figure 15°) and the stratigraphy exposed was characterized
by a collapse crater feature (Villamor et al., 2014) formed a few weeks after the liquefaction events
(C. Hardwick pers. comm.). Three thin section samples were collected: Sample 689 was collected from

a sand blow; samples 695 and 680 were collected from a liquefaction sill.

Trench HWK6 was the longest trench dug at the Hardwick site (up to 24m) and it exposed both modern
and paleoliquefaction features (Figure 2S). Trench HWK®6 revealed crevasse splay deposits (M1 unit)
sitting atop a channel fill deposit occupying a Waimakariri River paleochannel (M2 unit) (Figure 2S)
(for a detailed stratigraphic description and interpretation of Trench HWK6 refer to Villamor 2014,
2016). Two thin section samples were collected at Trench HWK6. Sample 676 was collected from the
modern dike observed on the east wall (Figure 3S, samples 678 and 675 are not analysed in this study)
and sample 674 was collected from a paleoliquefaction feature observed on the floor (Figure 4S)
(Almond et al., 2012; Villamor et al., 2016; Villamor et al., 2014). Five oriented thin section samples

(689, 695, 680, 676, 674) were collected from the alluvial environment.

6.3.2 Coastal paleoseismic trenches
The field campaign in the coastal environment involved three different sites: Wainoni and QEIll parks

on the dunes in the Christchurch urban area, and at Featherston Avenue Reserve in the Pines Beach
area (~25 km north of Christchurch Figure 4.1, Chapter 4). The thin section samples were collected
from paleoseismic trenches dug at Wainoni and QEIl Parks. The sediment forming the dunes of the
coastal system of Christchurch has been dated between 500-1000 years ago (see Chapter 4 for more
details). The soils of the dunes at Wainoni and QEIl Parks are Kairaki and Waikuku soils, belonging to

the Recent and Brown soil orders respectively (Hewitt, 2010).

The samples at Wainoni Park were collected from Trenches WAI 2 (Figure 5S) and WAI 3 (Figure 6S).

Trench WAI 2 was characterized by a sill of concave shape exposed at 0.75 m depth on the north-east

%S Figures in Appendix A9
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wall. Also a dark grey sandy circular feature of 63 by 73 cm was exposed on the floor of this trench.
Sample 706 was collected from the exposed modern liquefaction dike.

Trench WAI 3 revealed a very thick sand blow (26 cm) with many rip up clasts from the pre CES-
anthropogenic fill with a clay texture and stiff consistency. The pre-earthquake fill sits on top of the
original loamy sand topsoil (11 and 15 cm thick) disrupted by liquefaction injection. Some Bw horizon
fragments were exposed only on the left hand corner of Trench WAI 3 (Figure 6S A). Sample 709 was
collected from the sand blow on the west wall (Figure 6S B).

The samples at QEIl were collected from QEIl Trench 1 and QEIl Trench 2. QEll Trench 1 (Figure 7S) cut
across a 25 cm thick sand blow with many brown clay rip up clasts coming from an underlying pre-
earthquake surface fill. The pre-earthquake fill was broken in many parts and injected by liquefied
sand coming from the underlying Bw horizon. A 1 m-wide dike was exposed on the south wall of QElI
Trench 1, characterized by a greyish-blue- very fine silty sand. Fragments of the same (organic rich)
blue grey very fine silty sand were observed in other parts of the trench as rip up clasts within the Bw
horizon (paleosollayer in the legend of Figure 7S). At QEll Trench 1, sample 711 was collected from

the Bw(f) horizon injected by the “mud lamina” layer (Figure 7S).

QEIl Trench 2 was characterized by very thick and complex layers of fill overlying a sandy sheet
containing many organic lenses (Figure 8S). The latter was fed by a dike breaching a collapsed buried
A horizon, above which the sand pooled (left hand side Figure 8S). The buried A horizon is underlain

by the sandy gleyed parent material.

Samples 715 and 716 were collected from the north wall of QEll Trench 2 from the dike and the sill
respectively (Figure 8S) with the aim of understanding the genesis of the sandy sill exposed in QEIl
Trench 2. Samples 717 and 719 were collected from the south-east wall of QEll Trench 2 (Figure 9S)
to investigate the origin of the parallel dike-like features exposed on the south east wall (Sample 717)
and to study the hosting sediment (Sample 719). Seven oriented thin section samples (706, 709, 711,

715,716,717, 719) were collected from the dune deposits.
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6.4 METHODS: Micromorphology
The methods used for collecting and processing the thin sections are standard methods for thin
section analysis (Fitzpatrick, 1984; MacLeod, 2008; Moran et al., 1989; Murphy, 1986). Kubiena tins
(70 x 50 x 30 mm) (Figure 10S) were emplaced into the sediment on a horizontally or vertically
excavated surface along the features of the trench walls that were targeted for this study. The samples
were processed in the thin section laboratory at Lincoln University. First, the samples were dried by
replacing the soil water using the acetone vapour replacement technique (MacLeod, 2008). As these
samples were unconsolidated loose sand, the normal acetone replacement technique of immersion
in liquid acetone would have resulted in sample destruction. The samples were retained within the
Kubiena tins and were placed in a vacuum desiccator with a container of acetone. The desiccators
were evacuated under pressure until the acetone boiled and filled the desiccators with acetone
vapour. Due to the porous nature of the samples, the acetone vapour permeated the sample,
replacing the soil water, which was collected at the base of the desiccator (Figure 10S b and c). A
container of silica gel was also added at the bottom of the vacuum desiccator to facilitate drying
(Figure 10S d). The acetone was changed every two or three days. A densimetric method developed
by MacLeod (2008) was used to monitor water exchanged by the acetone. Once a sufficient quantity
of water had been removed (see table in MaclLeod, 2008), the samples were impregnated with resin
in a vacuum chamber (Figure 10S), resin was cured (under vacuum) and then blocks were trimmed,
sectioned, ground and then polished to produce the final thin section (Palmer et al., 2008). The
samples presented in this study were processed into thin section slides at Stirling University. Each thin
section was cut orthogonal and parallel to any deformation structures observed, producing thin
sections of 35 um of thickness. The overall sample preparation was 3-4 months. Microfabric analysis

was performed using an Olympus BX53P microscope under plain and crossed polarised light.

The thin section samples were analysed to describe mineralogy, microstructure, related distribution,
organic fragments, textural, and excremental features (Bullock et al., 1985; Stoops and Verpraskas,

2003). The mineralogy of the alluvial samples was analysed by using QEMSCAN, (Quantitative
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Evaluation of Minerals by SCANning electron microscopy). This is a new cutting edge technique to
create mineralogy maps from small specimens (Field and Atkins, 2012). The results from the QEMSCAN
are presented in the QEMSCAN Appendix, A10. The detailed description of the alluvial samples is in

the Appendix Allfor the alluvial samples, and in Appendix A12 for the coastal samples.

6.5 RESULTS

6.5.1 Mineralogy
The mineralogy of the alluvial samples revealed by QEMSCAN was dominated by quartz and

plagioclase feldspar, consistent with a sediment derivation from the Torlesse Supergroup of the
Southern Alps (Brown and Weeber, 1992). For further details on the mineralogy refer to the Qemscan

Appendix A10.

6.5.2 Microstructure
The thin section analysis of alluvial and coastal sediments highlighted three types of observed fabric:

1. Original soil fabric including rip up clast fabric
2. Modern liquefaction fabric (dikes, sills or sand blows);
3. Paleoliquefaction fabric.

6.5.2.1 Original soil fabric and rip up clast fabric
The alluvial soils are characterized by poorly sorted and compact sediment, very packed grain

structure and high abundance of organic fragments and textural pedofeatures (silt and clay coating).

Theundisturbed soil fabric remains visible in sample 676 (Figure 6.1-Soil matrix).
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Scale bar 500 microns

Figure 6. 1 Sample 676 modern liquefaction dike and original alluvial sediment microstructure a) the liquefaction dike is
characterized by a single grain microstructure, locally bridged; b) rip up clast in the dike, note the grain size and micromass
contrasts. The rip up clasts are characterized by close packed fabric, higher abundance of micromass (yellowish-brownish
colour) compared to the surrounding single grain microstructure; c) Lignified parenchymatic plant residue of root in the soil
matrix. This organic pedofeature is characterized by distinct cell walls, brown colour, loose but not complete internal coating
developed in the fragment at the upper right hand side; d) concentric iron staining developed in the soil matrix. The first ring
is a strongly iron impregnated nodule; e) detail on the porewater-induced- structure at the contact between soil matrix and
liqguefaction material. Note the increasing grain size from the dike edge toward the centre, more detail about this is shown in
Figure 6.5 and Figure 6.7. Photos taken in plane polarized light.

In contrast, the coastal dune soils are characterized by well to moderately sorted sediments and by an
intergrain-microaggregate or close packing microstructure, locally single grain (no fine material
bounding the grains) or bridged (presence of fine material bridging the grains) (Figure 6.2). In the fabric
of coastal dune sediments the abundance of the fine material bridging the grains can vary as a
function of the soil horizon and of the weathering affecting the site (dune ridge or interdune deposit).

Common and widespread mottles and textural pedofeatures differentiate a coastal mineral soil
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horizon from a modern liquefaction fabric. The original coastal sediment microstructure is shown in

sample 706 (Figure 6.2).
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Figure 6. 2 Sample 706,
modern liquefaction
and original soil matrix
in coastal sediment,
transmitted light; a)
single grain
microstructure of the
2010-2011 modern
dike; plain polarised
light b) grain size
gradient along the
dike’s edge from sand
to silt and clay; plain
polarised light b) and c)
show how the clay
matrix was deposited in
the interstices of the
sandy sediment. c)
birefringence pattern of
clay indicates  one
period of clay
deposition; cross
polarised light.
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The difference in sorting and microstructure results from the depositional setting and the
transportation medium. Alluvial sediments are naturally polymodal in grain size due to the different
load that rivers can carry (Chapter 3 of this thesis Fontana et al., 2015; Haberlah and Mctainsh, 2011;
Leys et al., 2005), while coastal dune sediments are characterized by a unimodal grain size distribution.
The wind blows at a relatively steady velocity, transporting grains only up to a certain threshold. This
results in coastal dune sediment being well sorted between fine and medium sand (Nichols, 2009).
The micromorphology results are also corroborated by the grain size analysis (Chapter 3 and Chapter
5). This analysis showed that the alluvial sediment has characteristically a multigaussian (polymodal)
grain size distribution, whereas the coastal sediments are better sorted and have a unimodal
distribution (Chapters 4 and 5). Also the QEMSCAN analysis outlines at least seven grain size classes

within the alluvial samples (Qemscan Appendix, A10).

Rip up clasts fabric
The rip up clasts are tiny fragments of in situ soil dragged from the liquefaction flow (see Figure 6.1

for example). Rip up clasts are distinguished from the liquefaction material by the different grain size,
higher abundance of micromass, textural and organic pedofeatures (strong soil development), and
sharp boundaries. These features make the rip up clasts easy to identify even in a thin section sample

affected by soil development.

6.5.2.2 Modern liquefaction Fabric
The modern liquefaction fabric for alluvial and coastal dikes is characterized by single grain

microstructure (grains loosely arranged with little or not fine material to provide aggregation, grain to
grain contact is predominant) and lack of organic fragments and textural pedofeatures. Exemplars of
the modern liquefaction dike fabric are samples 676 (Figure 6.1) and 706 (Figure 6.2) (dikes in the
alluvial and coastal environment, respectively) and samples 680 and 711 (Figure 11S and 12S) (modern

sand blows with rip up clasts in alluvial and coastal setting, respectively).

The liquefaction fabric of modern sand blows and modern dikes or sills have many similarities. Sample

680 (Figure 11S) is an example of modern liquefaction sediment deposited in a sill. The microfabric
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and the pedofeatures observed in sample 680 are consistent with samples 676 and 706 (Figure 6.1
and 6.2): single grain microstructure, locally pellicular (grains almost completely surrounded by fine
material which bridges the grains), with lack of textural pedofeatures and organic fragments and many
rip up clasts. Sample 709 (Figure 13S) represents a modern liquefaction sand blow fabric. It is
characterized by single grain microstructure, locally bridged (grains partially surrounded by fine
material, forming bridging between the grains) with lack of textural and organic pedofeatures. A silty
thin layer is often deposited at the outer edge of the sand blow, when the porewater pressure is
reduced and also the finer grains of the liquefaction material are deposited (Figure 6S). The deposition
of finer (silty) sediment at the outer edge of the sand blow can be considered an analogue feature to
the finer sediment deposited along the dike’s edge in sample 706 (Figure 6.2), and explained later in

this chapter.

6.5.2.3 Paleoliquefaction fabric
The paleoliquefaction fabric is characterized by bridged microstructure, locally compact; including

common to very common textural pedofeatures and organic fragments. The main differences
between a modern liquefaction fabric and a paleoliquefaction fabric is the occurrence of weathering
features in the latter. However, the rate of weathering characterizing a paleoliquefaction feature is
always little in comparison to the weathering affecting the hosting soil An obvious example of
paleoliquefaction thin sections fabric is shown in Sample 674 in the alluvial setting (Figure 6.3) (Tuttle

et al., 2017 ; Villamor et al., 2016; 2014).

A summary of the undisturbed soil, modern liquefaction and paleoliquefaction fabric is provided in

Table 6.1 and 6.2 for alluvial and coastal environment respectively.
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Figure 6. 3 Sample 674,
comparison between
paleoliquefaction  fabric
and soil matrix in the
alluvial setting. a) very
compact  microstructure
from the soil matrix, note
the presence of micromass
bridging the grains; b)
paleoliquefaction  sample
showing bridged to
compact  microstructure.
Scale bars in  microns.
Photos taken in plane
polarized light.
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TABLE 6. 1 Summary of the in situ soil and liquefaction fabric investigated in the alluvial setting of the Canterbury Plains. terminology follows Bullock et al
(1985) and Stoops (2003).

Feature/ Micro- Voids Related Textural pedofeatures Organic and excremental b-fabric

Alluvial structure Distribution Pedofeatures

Environment (microfabric)

Modern Single Simple Monic to none none none

Liquefaction grain packing enaulic

voids

Paleoliquefaction | Bridged to | Chambers | Monic to From few to common: infilling of | Organic: Common,
compact and enaulic voids, dense and complete, common | few to common: lignified | speckled
micro- planar coating, silt capping parenchymatic plant residue | b-fabric
structure voids of root, charcoal fragment,

residue of fungus sclerotium
Excrement:

ellipsoids, egg shaped, likely
origin is oribatid mites,
orange brown and
coalesced. Ellipsoid
excrement brown dark
brown: coalesced and dense
but few are disjoined.

Soil/ Rip up clasts | From Chambers | Chitonic to From common to very common: | Organic: speckled
compact and porphyric infilling of planar voids, dense and | common to very common: | b-fabric
microstruc | planar complete, common coating, silt | lignified parenchymatic
tures to voids capping, iron staining, ferruginous | plant residue of root,
chamber dense and concentric nodule coating, | charcoal fragment, residue
or coating of planar voids, crack infilling, | of fungus sclerotium
prismatic coating and capping with iron
structure staining.

229



Chapter 6

TABLE 6. 2 Summary of the in situ soil and liquefaction fabric investigated in the coastal setting of the Canterbury Plains. terminology follows Bullock et al
(1985) and Stoops (2003).

Feature/ Microstruc | Voids Related Textural pedofeatures Organic and excremental b-fabric
Coastal ture Distribution Pedofeatures
Environment (microfabric)
Modern Single Simple Gefuric, none none none
Liquefaction grain packing sediment
mictrostru | voids very well
cure sorted
A horizon Soil/ Compact Porphyric Common: silt coating and void | Common: Lignified | Common
Rip up clasts and very related coatings parenchymatic tissue of | speckled b-
compact distribution plant residual and charcoals. | fabric
grain Ellipsoid excrement brown-
structure dark brown they look
coalescent and dense but
few of them are disjoined
Bw(f) horizon Single Single Chitonic Silt coating and mottles No organic components and | Common
grain packing no excremental | speckled b-
microstruc | voids, pedofeatures observed fabric
ture, common
locally chambers
bridged
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A summary of the liquefaction, paleoliquefaction and original soil matrix microstructure investigated

in the alluvial and coastal setting, according to the weathering intensity is shown in Figure 6.4.

MODERN LIQUEFACTION FABRIC (Dike and Sand Volcano) IN ALLUVIAL AND COASTAL SETTING

Coastal Single grain structure Alluvial weathering
intensity
Panel 1 Single grain microstructure,
locally bridged, gefuric
related distribution, none or
very rare evidence of textural
and organic fragments, no
micromass.
Presence of grain size
gradient within the dike, finer
along the edge and coarser in
the centre of the dike; from
perfectly sorted to well
sorted; simple packing voids.

200 microns 200 microns

Panel 2 PALEOLIQUEFACTION

Intergrain microaggregate
structure with common
clay coating, common
presence of micromass,
and common textural and
organic pedofeatures, as a
consequence of the
weathering

Panel 3 RIP UP CLASTS FROM TOPSOIL

Very packed grain
structure, high abundance
of organic pedofeatures
and textural pedofeatures

Legend
silt or clay grain coating
Bl micromass

Il Other textural pedofeatures
I organic pedofeatures

Figure 6. 4 Summary of the different fabrics analysed in the alluvial and coastal setting, in relation to the weathering occurring
in the sediment. Panel 1 shows the single grain microstructure typical of a modern liquefaction deposit; Panel 2 shows the
paleoliquefaction fabric characterized by a higher abundance of micromass and an increasing number of textural and organic
pedofeatures, in contrast with the modern liquefaction fabric; Panel 3 illustrates the close packed microstructure
characterizing the soil hosting liquefaction features or the topsoil rip up clasts often identified in the modern liquefaction
sediment. There are no differences in fabric between the two settings. Legend: in yellow is highlighted the silt and clay coating,
in brown the micromass, in red organic and excremental pedofeatures, in black charcoal (Glossary from Bullock et al., 1985).
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6.6 DISCUSSION
Cyclic stress loading causes a sudden increase of pore water pressure in water saturated and
unconsolidated sediment that liquefy. The increase in pore water pressure breaks the inter-particle
(effective) stress forces, which bond the grains together (effective stress Terzaghi et al., 1996), turning
the sediment from a solid state into a liquid-like state (liquefaction sediment). The excess porewater
pressure is then vented when the water and entrained sediment travel upward and are ejected at the
surface, forming dikes or sills within the soil profile, and sand blows at the surface. The effective stress

is also rebuilt once the sediment is deposited.

As a consequence of mobilisation induced by liquefaction, the fabric of sediment that has experienced
recent liquefaction (samples 676, 706 Figures 6.1 and 6.2) resembles that of sediment recently
deposited by a water flow, and which has not been subjected to chemical weathering processes. As a
consequence, modern liquefaction features are characterized by water escape structures (sensu Van

der Meer and Menzies, 2011).

For example, sample 706 is characterized by a particle size gradient from sand to silt and clay, closely

compacted at the outer edge of the dike (Figure 6.5 a).
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increasing grain size gradient from
the dike's edge toward the centre

Figure 6. 5 Grain size gradient examples from the dike’s edge toward the centre; a) Sample 676, alluvial modern liquefaction
dike, note the finer sand and silt deposited along the dike’s edge while the coarser sand occupies the centre of the dike; b)
and c) show a detail from sample 706 of the grain size gradient from the dike’s edge toward the centre of the dike in plain
light (b) and in cross polarized light (c). Note clay and silt are lined up along the dikes’ edge while the sand occupied the main
body of the dike. More details are shown in Figure 6.6 and in the diagram of Figure 6.7. Scale bars in microns. Photos taken
in plane polarized light.

A closer observation of this feature revealed that the clay matrix is only visible along the dike’s edge
as a brownish boundary draping the dike. It is assumed that the clay surrounding the coarser sandy
sediments was deposited from the water flow within the dike toward the dike’s edge where the flow
velocity is lower, and once the hydrostatic pressure was reduced. The granostriated b-fabric of the
clay indicates that anisotropic clay particles are orientated parallel to the sand grains, indicating that
it is most likely the clay was deposited in one event. In summary, the sandy dike and the finer sediment
(silt and clay) deposited along the dike’s edge are part of the same liquefaction event but they mark
different flow regimes during the liquefaction process (Figures 6.6). A schematic summary of the

liguefaction-porewater-induced-structure in the thin sections is shown in Figure 6.7.
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Figure 6. 6 Photo credits by Carol Smith. Details of the grain size gradient from the dike’s edge toward the centre of sample

706, analysis of birefringence. Panels a, c, are pictures taken in plane light and panels b, d are cross polarized pictures. Scale
bar in microns.
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Sediment deposition within a liquefaction dike
from thin section analysis

Panel 1
Legend
sand
o silt
o clay
—_ high flow velocity
—= |ow flow velocity
1 liguefaction dike
E3  soil matrix
Panel 2

Figure 6. 7 Diagram of the liquefaction-induced pore-water structure. Panel 1. The liquefaction process starts, the porewater
pressure is high, the liquefaction material comprises coarse and fine sediments. Panel 2 the liquefaction process is almost
completed. At this stage the porewater pressure is lower and the coarser grains have been deposited. The finer (silt and clay)
sediment gradually gets deposited once the porewater pressure is reduced and the liquefaction process ends.
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The main distinction between paleoliquefaction and modern liquefaction features is the expression of
weathering features such as the presence of micromass, and organic and textural pedofeatures, as
showed in the unequivocal paleoliquefaction sample 674. The paleoliquefaction features observed in
this study feature an age between AD 908 and AD 1336 (from Oxcal analysis performed by Villamor et

al., 2016)

Sample 715 (Figure 6.8), for example, was not unequivocally identified as a paleoliquefaction samples
at the outcrop scale, but the following characteristics as i) abundance of organic and textural
concentration pedofeatures- in comparison to modern liquefaction fabric (e.g. Samples 676 and 706,
Figures 6.1 and 6.2 respectively)- ii) presence of rip up clasts; and iii) oxidized dike boundaries induced
by the weathering process, visible also at an outcrop scale, lead to convey this sample a
paleoliquefaction sample. At QEll Trench 2, the lack of charcoal did not allow the sediment to be dated
and it was not possible to identify the age of the paleoliquefaction features. Therefore, at this site, the

micromorphology description was crucial to reveal the presence of paleoliquefaction.
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Figure 6. 8 Sample 715, comparison between soil matrix
and paleoliquefaction dike microstructure in a coastal
setting; a) very close packed microstructure from the
buried topsoil, note the high abundance of micromass
bridging the grains (from yellow brown to dark brownish
colour); b) bridged microstructure, locally single grain or
pellicular, note the soil micromass in the paleoliquefaction
fabric is less abundant in comparison to the soil matrix.
Photos taken in plane polarized light.
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However, the evidence of oxidation along the dike’s edge is not always indicative of paleoliquefaction
features. Sample 717 (Figure 14S) on the south-east wall of QEIll Trench 2 shows a single grain
microfabric, a lack of micromass and textural or organic pedofeatures, depicting a modern liquefaction
dike. However the edges of the dike in sample 717, and a small area at the base of the dike are iron
stained. The formation of iron staining at the dike’s edge is caused by redox reactions, the most
important chemical weathering reactions occurring in water saturated soils. The sediment
characterizing the liquefaction dike are water saturated owing to their depositional setting. Water
saturated sediment is anaerobic and develops anaerobic microsites (Creeser et al., 1993), where there
is absence or very low oxygen diffusion. When dikes intrude near surface sediment, for example A
horizons, with a higher content of organic matters, the low availability of oxygen leads the anaerobic
bacteria to use other elements like Iron in the form of Fe 3 as electron acceptors, reduced in the form
of Fe 2* (Schaetzl and Thompson, 2015). Once the dike starts drying (this process can take weeks or
months, according to the local fluctuations of the water table) the iron re-oxidizes again (Fe3* +
3H,0=Fe(OH)s+3H*). Along the dike’s edge, where the drying process is more intense, Fe(OH);
precipitates, producing the typical red colour characterizing the dike of Sample 717 (Figures 14S).
Therefore, the strong iron staining occurring along the dike’s edge is a further confirmation that water

saturated sediment occupied the dike fracture, and that it was injected from depth.

The thin section methods for liquefaction and paleoliquefaction investigation documented in this
study aid in assessing the morphogenesis of several liquefaction features not clearly interpreted
during the field campaign. For instance, QEll Trench 2 exposed a dike-like feature in a buried A horizon,
which linked to an overlying bed of sand with a wavy lower contact (Figure 8S). Uncertainty about the
origin of the features arose from the observation of disrupted organic lenses in the sandy layer.
Therefore, several backward cuts were made on the trench wall to better investigate the dike-like
feature, and its link with the sand bed (Figure 5.26) in three dimensions. This feature was latterly

interpreted as an example of A-horizon splitting (Chapter 4 and 5 of this thesis), a characteristic

238



Chapter 6

liquefaction feature of the coastal dune setting. However, the micromorphological analysis was an

essential corroborating evidence that the sand blow was emplaced by liquefaction processes.

Sample 716 (Figure 6.9) showed three different but coexisting fabrics i) liquefaction fabric: single grain
with very few textural and organic pedofeatures; ii) paleoliquefaction fabric: bridged structure and
increasing soil development; and iii) rip up clasts fabric: very close packing, strong soil development.
The evidence of three different, but coexisting, fabrics revealed that sample 716 is characterized by a
very heterogeneous microstructure and that it is not an undisturbed aeolian deposit. In particular, the
evidence of rip up clasts as typical liquefaction features corroborated the assumption that the sandy
sill- targeted by sample 716 was triggered by a liquefaction event, and likely by an old liquefaction

event due to the soil development that characterizes the sample.
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Figure 6. 9 Sample 716 description
and interpretation; a) single grain
microstructure from the paleo-sandy
sill; b) ¢ was characterized by three
different types of microstructure: i)
single grain (a), ii) close packed
microstructure in the rip up clasts (b)
and iii) bridged or intergrain
microaggregate structure (c).

The rip up clasts were characterized
by a very compact grain structure
(b), porphyric related distribution
and many textural concentration
features. The rip up clasts were
identified by their different colour
from the micromass and sharp
boundaries. c) The paleoliquefaction
was characterized by a bridged or
intergrain microaggregate
microstructure (c). The related
distribution varies from gefuric to
enaulic; well sorted sediment locally
poorly sorted; common presence of
micromass. The presence of three
different microstructures within the
same stratigraphic layer revealed
that this layer is not an aeolian
sandy bed but a paleoliquefaction
sill. Details on the stratigraphic
evidence of the sandy sill are also
explained in Chapter 5. Photos taken
in plane polarized light.
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6.7 CONCLUSION AND FUTURE WORKS

The 2010-2011 Canterbury Earthquake Sequence (CES) was the first scenario that allowed
micromorphological analysis of sedimentary fabrics of liquefaction injecta and ejecta.

The soil thin section analysis was evaluated as a complementary technique to support outcrop
scale interpretation in paleoliquefaction studies.

The thin section analysis can differentiate multiple liquefaction generations based on the
abundance of organic and textural pedofeatures.

In order to accurately recognize the paleoliquefaction fabric, it isimportant to assess the fabric
of the undisturbed soil matrix, as a calibration exercise which allows to compare the rate of
textural and organic pedofeatures, along with the degree of sediment packing between soil
and a recently deposited sediment (modern liquefaction).

Apart from the original sediment sorting (alluvial sediment is polymodal, while coastal
sediment is well sorted, unimodal) the alluvial and coastal sediments are characterized by
similar liquefaction and paleoliquefaction fabrics. This result confirms that the liquefaction
process occurs in a similar way in both environments, even though the liquefaction features
exposed in alluvial and coastal environments can be characterized by important differences
in features (see Chapter 3, 4 and 5 of this thesis).

The thin section samples need to be calibrated in relation to the local weathering affecting
the sediment. The weathering effect can be considered a sort of “background effect”, and
when it is not properly recognized, it can cause misinterpretation of paleoliquefaction
features.

Regarding the thin section technique, the sampling and laboratory processing of soft sediment
can be very complicated. The processing of unconsolidated samples is challenging and several
samples have been destroyed during the sample collection and during the samples

preparation.
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Future work
With regard to future research it is suggested to apply the thin section analysis to the sediment

retrieved in the core, in order to investigate the potential liquefaction source layer and study the type

of soft sediment deformation occurring in the source layer, or in proximity of the source layer.

Due to the highly diagnostic features retained into the paleoliquefaction features, thin section analysis
can also be applied to study sites that experienced multiple paleo liquefaction events in order to
understand whether it is possible to distinguish different types of soil development in relation to

different past liquefaction events (e.g. liquefaction features from New Madrid Seismic Zone).
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Chapter 7

PRELIMINARY USE OF THE RANDOM FOREST CLASSIFICATION FOR MAPPING
FUTURE LIQUEFACTION SURFACE MANIFESTATION

7.1 INTRODUCTION
Research of the liquefaction triggered by the 2010-2011 Canterbury Earthquake sequence (CES) has

advanced the understanding of the phenomenon from geotechnical (Bray et al., 2014; Cubrinovski et
al., 2011a; Cubrinovski et al., 2010; Cubrinovski et al., 2011b; Green et al., 2013; van Bellegooy et al.,
2014), geological and sedimentological perspectives (Bastin et al., 2015; 2016; Quigley et al., 2013;
Villamor et al., 2016; 2014). Furthermore, the availability of high quality imagery has supported
intensive ground-based mapping efforts (Almond et al., 2010a; 2012; Brackley et al., 2012; Townsend
et al., 2016) that together with high resolution pre- and post-CES LiDAR elevation data have greatly
contributed to the understanding of the geomorphological controls on liquefaction surface
manifestation (Almond et al., 2012; Bastin et al., 2015; Townsend et al., 2016; Villamor et al., 2016;
2014), and geomorphological responses to liquefaction (Hughes et al., 2015). In Chapter 2 of this
thesis, liquefaction spatial databases (Brackley et al., 2012; Townsend et al.,, 2016) and a LiDAR-
informed geomorphological map (Villamor et al., 2016; 2014) were combined to characterise landform
susceptibility to liquefaction at a coarse scale. The derived understandings were then used to provide
focus for detailed sedimentological and stratigraphic studies of the alluvial and coastal environments
(Chapter 3 and 5 of this thesis). Landforms in the above analysis were delineated on the basis of
morphology, topology and inferred genesis. However, to date, there has been no analysis of the fine
scale relationships between liquefaction surface manifestation and terrain attributes derived from
precise LIDAR-based elevation models. If quantifiable relationships exist, they would provide insights
into local controls on ejection of liquefied sediment, and potentially a basis for predicting sites that

may host paleoliquefaction phenomena.

Generally, liquefaction occurs in low lying areas of young Holocene sediment (<2000 years old) near

waterways, where sandy or sandy silt sediment is water saturated, and near seismogenic sources that
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can cause a ground shacking of PGA > 0.090 g (Bastin et al., 2015; Monaco et al., 2011; Quigley et al.,
2013; Santucci de Magistris et al., 2013; Villamor et al., 2016). More specifically, (see Chapters 3, 4
and 5) liquefaction surface manifestation (ejecta) appear to be controlled by the local presence of (i)
liqguefiable sediment, (ii) a shallow water table (e.g. perched water table or confined and semiconfined
aquifers) and (iii) by the existence of pathways (cracks or weaknesses) that the fluidised sediment can

use to gain access to the surface.

Genetic landforms have specific morphological characteristics and are associated with characteristic
sediment types (e.g. point bars or crevasse splays in a fluvial environment). Consequently, the
liguefaction susceptibility of subsurface sediment, or the strength of surface crusts will be
characterized by a specific geomorphology that may be identified by unique combinations of
topographic attributes. Some studies also inferred that landforms’ geometries determine surface
gravitational stresses (Caputo, 2005), which may predispose certain parts of the land surface to
tensional strain (via brittle failure and cracking) once a subsurface layer liquefies and loses shear
strength. The latter is most strongly expressed in lateral spreading where free faces already exist, but
is also hypothesised to occur where more gentle topographic variation prevails and not necessarily in
proximity to free faces. In the particular case of lateral spreading, even a small gravitational
component affects the loss in shear stress of the sediment prone to liquefy, facilitating the liquefaction
of the material, and promoting the lateral spreading (Caputo, 2005; 2012). In other words, the
landforms’ geometry, inferred by microtopographic parameters plays a critical role in the liquefaction

surface manifestation.

Accordingly, it is hypothesised that microtopographic parameters derived by LIDAR DEM have
predicative power with respect to the location of liquefaction ejecta. The aim of this chapter is to
assess whether it is possible to adopt a novel approach based on a Machine Learning scheme, in
particular the Random Forest algorithm (Breiman, 2001, 2004), to objectively formalise the

relationships between liquefaction ejecta presence or absence and microtopographic parameters. If
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statistically significant relationships exist, the microtopographic parameters may provide a basis for
better discriminating potential areas where liquefaction ejecta will occur under a given ground shaking

in the future, or where paleoliquefaction may have occurred as a result of past earthquakes.

To achieve this aim the following objectives are established:

1) Understand the correlation between liquefaction manifestation and micro-topographic
parameters. By using the CES liquefaction surface manifestation mapping in conjunction with a high
resolution DEM derived from LIDAR, Machine Learning techniques are used to derive a new

classification that links specific microtopographic parameters with liquefaction surface manifestation;

2) Understand whether the microtopographic parameters can accurately predict the liquefaction

surface manifestation, and what is the sensitiveness of the classifier;

3) Apply the classification issued in a new area outside the Canterbury Region where there is no
modern evidence of liquefaction features. The Manawatu River Basin was chosen as a target area to
apply the algorithm. This area was selected because it has high liquefaction susceptibility (it has also
historically liquefied, see Beetham et al., 2011) and has similar gecomorphic expression to the machine

learning CES training sites used.

7.2 LIQUEFACTION AND GEOMORPHIC BACKGROUND OF THE STUDY SITES
The selected CES sites to establish the correlation between liquefaction manifestation and micro-

topographic parameters (training sites) were Hardwick and Marchand properties along the Halswell
River (Greenpark, 28 km southwest from Christchurch). Both properties were severely affected by
liguefaction during the major events (Mw 7.1 Darfield 2010 earthquake, Mw 6.2 Christchurch 2011,
Mw 6.3 June and Mw 6.0 December 2011 earthquakes). Figure 7.1 shows the liquefaction maps and
aerial photos (Almond et al., 2010b) at the two selected study sites, after the Darfield event. The
detailed liquefaction mapping was undertaken using the resolution available from the aerial photos

(Almond et al., 2010b).
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Figure 7. 1 Hardwick and Marchand sites selected as training sites for the Random Forest algorithm. A) Hardwick site
geomorphic map and detailed liquefaction mapping,; B) Hardwick site aerial photos after the Darfield Earthquake on
September 2010 (Almond 2010b); C) Marchand site geomorphic map and detailed liquefaction mapping, D) Aerial photo of
Marchand site after the liquefaction event of Darfield earthquake (September 2010).
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At the Hardwick site, a crevasse splay sits atop an abandoned paleomeander of the Halswell River,
probably formed when it was a distributary channel of the Waimakariri River (see Chapter 3 of this
thesis). The crevasse splay partially covers the related point bars of the paleomeander (Figure 7.1 A).
The detailed sedimentary architecture of the Hardwick site is explained in Chapter 3 of this thesis and
by Villamor et al.,(2016; 2014). Ejecta comprised elongate composite sand blows aligned with
paleocurrent direction centred on the crevasse splay and along the buried scroll bars on the south end
of the paleochannel (Figure 7.1 A and B).

The Marchand site is on the inside of an active meander of the Halswell River, located 2 km north of
the Hardwick site (Figure 7.1C and D). The Marchand site is mainly characterized by point bar deposits,
the detailed stratigraphy and sedimentology of which is explained in Chapter 3. Ejecta form elongate
features centred on and aligned with the scroll bar deposits (point bar ridges). In particular, the older
wider (inner) bar was severely affected. This is possibly due to a thicker sandy layer constituting the
potential liquefaction source layer (Chapter 3).

The new study site where the machine learning technique will be applied is a meander of the
Manawatu River. The Manawatu River floodplain lies on the south west coast of the North Island, and
it is part of the Plio-Pleistocene Wanganui Basin (Clement et al.,, 2010) (Figure 7.2). The
geomorphology includes incised valleys, estuaries, a prograding coastal plain and transgressive dune
field, all influenced by sea-level fluctuations (Clement et al., 2010). The physiography of the Manawatu
River consists of Holocene levee systems and their associated deposits (S. Levick and J.G. Begg in
Beetham et al., 2011). The active floodplain of the Manawatu River is characterised by relict sinuous

alluvial channel forms of the late Holocene Manawatu River.
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Figure 7.2 Geographic location of the Manawatu River basin targeted as liquefaction testing site of the Random Forest
classifier application. The black square highlights the meander of the Manawatu basin area chosen to apply the classifier
(Figures 7.9 to 7.13).

Previous liquefaction studies in the Manawatu region were undertaken to assess the liquefaction
susceptibility of Palmerston North city (Beetham et al., 2011; Dellow et al., 1994; Tonkin and Taylor
Ltd, 2014). Dellow’s (1994) work used mainly geological and pedological information and only limited
geotechnical information. A more recent GNS report (Beetham et al., 2011) included newer geologic
maps (Begg and Johnston, 2000; Lee and Begg, 2000; Townsend et al., 2008), soil maps (Cowie and
Kimpton, 1976), LIDAR analysis and drill-hole datasets, which enabled a more accurate understanding
of the lithology, groundwater and mechanical properties of the layers.

Historic earthquakes in the Manawatu region are (from Beetham et al.,, 2011) the 1855 M8.2
Wairarapa earthquake (Downes, 1995), 1931 M7.9 Napier earthquake (Downes, 1995), 1934 M7.6
Pahiatua earthquake (Dellow et al., 1994; Downes, 1995), 1942 M7.2 Masterton | (Downes et al., 2001)

and 1942 M7.0 Masterton Il (Downes, 1995). However, only for the Pahiatua 1934 earthquake are
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there reported liquefaction features such as sand blows, ground cracking and subsidence in the Foxton

and Palmerston North area.

7.3 METHODS

7.3.1 Machine Learning theory and Random Forest technigue
Machine learning is a set of data mining techniques used in discovering structural patterns within a

dataset. In particular, machine learning is useful for datasets where non-linear relationships cannot
be solved by using basic regression methods (Hastie et al., 2009 ; Witten et al., 2016).

One of the techniques that belong to the machine learning ensemble is Random Forest. The Random
Forest grows many decision trees (see Section 7.3.2). After a large number of trees is generated, the
most popular class is chosen by the algorithm (Breiman, 2001). This procedure was elaborated after
many improvements in classification accuracy (Breiman, 1996; Breiman et al., 1984; Dietterich, 1998)
and it has been demonstrated to be an effective tool for predictions® and an accurate classifier
(Breiman, 2001) . A training dataset is used in the Random Forest procedure to enable the algorithm
to learn the classification. Then a confusion matrix output provides an evaluation of how well the
classifier has learnt and what will be the performance of the classifier on the testing dataset (see
Section 7.3.4 for explanation). Once the model validation is carried out, the method is applied to a
new area where its purpose is to predict certain behaviour (in this case surface manifestation of

liquefaction).

7.3.2 Decision trees
A decision tree is a style of representation used in the Machine Learning Theory to show the outcome

of the learning from a set of independent samples (Witten et al., 2016). Decision trees are
characterized by nodes and leaves, where each node splits an attribute into two subsets (in the case
of numerical classification). Decision trees can be very accurate for the data used to train the classifier

but may perform less well on an independent dataset targeted as test data. This is because the set of

101n Theorem 1.2 explained in Breiman (2001) it is demonstrated that the Random Forests do not overfit as
more trees are added, due to the Law of Large numbers.
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predictors selected for the model works well in the training area but the learning cannot be

generalized (Witten et al., 2016). Examples of decision trees are shown from Figures 7.4 to 7.6).

7.3.3 The testing and the training dataset
To test the success of the classification learning it is important to try out the classification on an

independent set of data. The training dataset is not a good indicator of performance of the classifier.
Further, the error rate on the training set is not likely to be a good indicator of future performance;
any estimate of performance based on that data will be optimistic. The error rate on the training data
is called the re-substitution error because it is calculated by resubstituting the training samples (rows
of the testing dataset) into a classifier that was constructed from them. In order to predict the
performance of a classifier on new data it is important to assess the error rate on a dataset that played
no part in the formation of the classifier. This independent dataset is called the test data set (Witten
et al., 2016). The output of the classification on the testing data set is an objective measure of how
well the concept was learned and will measure the performance of the classifier. Both training and

test sets need to be representative samples of the research question.

7.3.4 The credibility of the model
The basic performance of the model is evaluated by using the confusion matrix. The confusion matrix

is a two by two-way table that contains the results of the classification. From the confusion matrix it
is possible to derive other evaluators of the model like error-rate, accuracy, specificity, sensitivity and
precision (see Appendix A13 for an example of confusion matrix). Since it is very difficult to construct
a perfect classifier algorithm there will be differences between the observations and the expected
predicted instances. The four outcomes then will be:

True positive (TP) - correct positive prediction;

False positive (FP) - incorrect positive prediction;

True negative (TN) - correct negative prediction;

False negative (FN) - incorrect negative prediction.

The classifier is expected to perform well in a testing area when the number of incorrect predictions

is very low.
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The ROC curve (receiver operating characteristics) is a graphical technique used for evaluating data
mining, and derived from the confusion matrix outcomes. The ROC values (see Script Appendix A 13,
for an example of ROC values) presents the performance of a classifier regardless of class distribution

or error costs. So the higher the value of the ROC, the better a classification is expected to work.

7.3.5 Data
The data used in this study is obtained from the detailed digital elevation models (DEMs) for the three

study sites (2 CES training and 1 application site in Manawatu region) and detailed maps of surface
manifestation of liquefaction (Chapter 3). The relevant micro-topographic parameters for the analysis
presented here were derived from the DEM and are: elevation, slope (measured in percent rise),
profile and plan curvature (Figure 7.3), by using the Surface analysis toolset in ArcGIS 10.2 Spatial
Analyst menu. These micro-topographic parameters are characterized by a relationship among
themselves (the curvature is the second derivative of the surface) but also with the presence or

absence of liquefaction; the latter extracted from the detailed liquefaction maps.

7.3.6 Data Resolution
At the Hardwick and Marchand sites a 1 m grid DEM derived from the 2008 Selwyn District Council

(SDC) Lidar Survey was used for the detailed geomorphic mapping.

The initial 1 m pixel size DEM was resampled at 10, 15 and 20 m for computational efficiency reasons,
while also providing opportunity to test model sensitivity to DEM resolution. Results will be shown for
the sample sizes and they will be labelled, for example, HWK 10 m for the Hardwick site at a 10 m

resolution, or MARCH 20 m for the Marchand site at a 20 m resolution.

7.3.7 Imbalanced datasets and the SMOTE technique
Although the two study sites suffered significant liquefaction effects, the liquefaction ejecta aerial

extent was very limited in comparison to the whole selected study area. This means that the dataset
for this study had a large number of pixels having the liquefaction attribute “NO” and very few pixels
having the liquefaction attribute “YES”. As a consequence, the raster dataset was very imbalanced.

Three techniques are commonly used for solving unbalanced datasets: i) downsampling - the majority

class is sampled to make their frequency closest to the rarest class; ii) up-sampling or over sampling -
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the rarest class is re-sampled to increase the frequency up to a similar level of the majority class; iii)
hybrid approaches or SMOTE, Synthetic Minority Over-Sampling Technique (Chawla et al., 2002). The
SMOTE technique was adopted in this study, and it involves a combination of downsampling the
majority class and over sampling the minority class, creating synthetic minority class samples (Chawla

et al., 2002).

7.3.8 Analysis and Model Design

7.3.8.1 Training Stage
The Hardwick and Marchand sites were considered independent training datasets because of

differences in geomorphology (Chapter 3 of this thesis and in Villamor et al.,, 2016; 2014). This
methodology allowed a comparison of each attribute across the two training datasets and also
revealed which parameter was more important in relation to the site- specific geomorphic features.

The R script used is presented in the Script Appendix A 13.

7.3.8.2 Validation and application
The evaluation of the algorithm was undertaken by applying the classifier derived at the Marchand

site to the Hardwick site and vice-versa, in order to estimate the performance of the classifier against
the actual liquefaction surface manifestation mapped out after the 2010-2011 CES.

Then, the classifier was applied to a Manawatu River meander, which has similar geomorphic and
geologic setting but with no modern evidence of liquefaction (Figure 7.2). The choice of the new area
to apply the classifier needs to respect the topographic and geomorphic characteristics of the training
site in order for the application to be reasonable and justifiable. As a consequence, the area of
application of the classifier needs to be very similar in elevation and characterized by similar
geomorphology to the two training study areas.

The meander chosen had an elevation between 0 and 8 m a.s.l., similar to Hardwick and Marchand
training sites. The Marchand site classifier was chosen as the most appropriate algorithm because of
close similarity of the landform elements between the sites. LiDAR data for the Manawatu region were

collected between November 2005 and February 2006 by AAMHatch Pty Ltd and then processed by
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GNS Science to create a DEM of 1 m resolution (for more details the reader can refer to Beetham et

al., 2011).

7.4 RESULTS

7.4.1 Microtopographic characterisation of training sets
A preliminary microtopographic characterisation of the two training datasets (Hardwick and

Marchand sites) may be obtained by plotting the cumulative frequency distributions of the

microtopographic parameters chosen for this analysis (Figure 7.3).
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Figure 7. 3 Hypsometric Analysis of the Elevation and cumulative frequency distribution curve of the other micro-
topographic parameters (Slope, Profile and Plan Curvatures) at the Hardwick and Marchand sites. Plan and Profile
curvatures are calculated as second derivative of the surface. In particular profile curvature is parallel to the slope and
indicates the rate of change of slope, while plan curvature is perpendicular to the direction of the maximum slope and
relates to the convergence and divergence of flow across the surface (Buckley, 2010)

Most of the Hardwick and Marchand sites are characterized by an elevation between 4 and 6 m a.s.l.

(Figure 7.3 A and B). The Hardwick site features more areas with lower elevation (between 2 and 3 m
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a.s.l.) than the Marchand site, while the Marchand site’s curve display a slightly larger area with a
higher elevation (between 7 and 9 m a.s.l.).

The Slope trend at both sites is very similar (Figure 7.3 C and D). Small differences of profile and
planform curvature also occur between the two sites (Figure 7.3, E, F, G, H). In general, both Hardwick
and Marchand sites are characterized by a positive profile curvature and by a negative plan curvature.
This means that the training area depicts a gentle upwardly concave land surface dominated by

convergent topography in plan (hollow or gully-like elements).

7.4.2 Correlation between microtopographic parameters and presence of liquefaction in the CES sites
The decision trees obtained using the Hardwick site as training dataset are shown in Figures 7.4 and

7.5; the decision trees issued using the Marchand site as training dataset are shown in Figures 7.6 and
7.7. Tables 1 and 2 below summarize the list of rules obtained with the Random Forest technique that
identify presence of surface manifestation of liquefaction according to the microtopographic
parameters used in the algorithm. Each row in Tables 7.1 and 7.2 is one of the positive leaves of the
decision trees (highlighted by the red text in the trees of Figures 7.4 to 7.7), i.e. positive occurrence of
ejecta. The microtopographic criteria are defined by the combination of threshold values at the nodes

of the trees that determine a positive outcome.
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Figure 7. 4 Decision trees of Hardwick site rescaling the DEM of 1 m resolution at 10 m and at 15 m of resolution. The leaf
for positive liquefaction surface manifestation are highlighted in red. Elevation in meters, Slope in Percentage rise and
Profile and Plan Curvature in 102 m,
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Figure 7.5 Decision tree for Hardwick site rescaling the DEM at 20 m of resolution, the leaves for positive liquefaction
manifestation are highlighted in red. Elevation in meters, Slope in Percentage rise and Profile ad Plan Curvature in 1/100.
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TABLE 7. 1 List of rules for positive liquefaction surface manifestation at Hardwick site.

ELEVATION (m) SLOPE PROFILE PLAN
(%) 102 m?
HWK 10 m
Test 1 5.1<x<5.6 N.A. <0.24 N.A.
Test 2 4.52x<5.1 N.A. 20.08 N.A.
HWK 15 m
Test 1 5.6<x<5.8 N.A. <-0.009 N.A.
Test 2 5.1<x<5.6 <4.9 N.A. >-0.14
Test 3 5<x<5.1 <4.9 20.019 >-0.14
HWK 20 m
Test 1 5<x<5.6 <3.2 <0.1 N.A.
Test 2 5.6<x<5.8 >0.61 N.A. >-0.043
Test 3 <4.7 >0.31 N.A. -0.2<x<-0.016
Test 4 4.72x<5 >0.7 N.A. -0.25x<-0.016

Table 7.1 reveals that at the Hardwick site, liquefaction ejecta occurrence is dominated by Elevation criteria for all DEM
resolutions; although Slope is an important secondary parameter at 15 and 20 m resolution. Profile and Plan curvature
represent slight upwardly concave surfaces and appear to be less important predictors than elevation and slope.

Turning to the model for the 10 m resolution DEM, the criteria for the two tests identifying ejecta
indicate that a band of elevation excluding the extremes (4.5 to 5.6 m AMSL, Fig. 7.3) hosts ejecta, but
the profile curvature must not be the most strongly concave for the higher elevation band (5.1 to 5.6
m, Test 1), and it must not be weakly concave or convex for the lower elevation band (4.5 to 5.1 m,
Test 2). The geomorphic features identified by Test 1 correspond to higher elevation areas (but not
the highest) across point bars and the crevasse splay. In contrast, Test 2 does not correspond to any
specific geomorphic element, but instead specifies a consistent set of microtopographic attributes
across a range of landforms. In a similar way, all the other tests at 15, and 20 m resolution at the

Hardwick site identified the higher elevation part of the study area (e.g. the crevasse splay) and point
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bars (Test 3 at 15 m resolution and Test 1 at 20 m resolution, respectively). All the other tests do not

have a recognisable geomorphic relevance with respect to genetic landforms.
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Figure 7.6 Decision trees at the Marchand site, rescaling the 1 m DEM resolution at 10 and 15 m of resolution. Elevation in
meters, Slope in Percentage rise and Profile and Plan Curvature in 102m™.
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Figure 7. 7 Decision tree at the Marchand site rescaling the 1 m DEM at 20 m resolution. Elevation in meters, Slope in
Percentage rise and Profile and Plan Curvature in 102m.

TABLE 7. 2 List of rules for positive liquefaction surface manifestation at the Marchand site.

ELEVATION SLOPE PROFILE PLAN

(m) (%) (1/100) (1/100)
MARCH 10 m
Test 1 4.8<x<5.2 N.A. N.A. 0.18<x<0.21
Test 2 <4.8 <0.64 N.A. x2-0.18
Test 3 26 <3.6 N.A. N.A.
Test 4 5.2<x<6 1.4 >-0.28 N.A.
Test 5 5.65x<6 <1.4 20.2 N.A.
MARCH 15 m
Test 1 4.8<x<5.3 N.A. <0.15 N.A.
Test 2 4.7<x<4.8 N.A. >0.15 N.A.
Test 3 >5.7 0.48<x<2.6 >0.037 N.A.
Test 4 5.9<x<6.4 0.48<x<2.6 <0.037 >-0.013
Test 5 <5.7 1.6sx<3 N.A. N.A.

260



Chapter 7

MARCH 20 m

Test 1 5<x<5.6 <3.2 <0.1 N.A.

Test 2 >5.6 20.61 N.A. >-0.043

Test 3 <4.7 20.31 N.A. -0.20<x<-0.016
Test4 24.7 20.7 N.A. -0.20<x<-0.016

Table 7.2 reveals that at the Marchand site Elevation and Slope are the most important predictors, as for the Hardwick site,
followed by Profile and Plan curvature. The curvature criteria identify as liquefaction prone those areas that are near planar
or with a gentle concave profile/plan shape. Tests 1, 3 and 4 at 10 m resolution, and Test 1 at both 15 and 20 m resolutions
have an obvious association with geomorphic features representative of this study site, such as point bars and levees. All
other tests do not represent a clear correspondence with geomorphic features of the study area.

From the decision trees at both the Hardwick and Marchand study sites and from the list of rules in
Tables 7.1 and 7.2, Elevation is the most important variable determining liquefaction manifestation,
followed by Slope and Profile curvature. Plan Curvature is not part of the decision tree in most of the
cases, and when it appears it has only a minor role. The difference in resolution (10-15-20 m pixel
resolution) does not seem to affect the sensitivity of the classifier, and the micro topographic variables
appear in the same order across all the different pixel resolutions.

The ROC for all the trees is in the range of 0.95-0.99 indicating the model has a very high accuracy,
which is also corroborated by the confusion matrix (see Appendix A 13). Consequently, the model is
expected to perform well. However, the initial testing of the Hardwick classifier at Marchand site and
vice-versa shows a clear over-prediction of the liquefaction ejecta at the two study sites (Figure 7.8).
In particular, the classifier does not seem to select a specific geomorphic feature (e.g. crevasse splay
or point bars); but to target as liquefaction prone areas different portions of different geomorphic

features. This is an unexpected outcome, in disagreement with the confusion matrix and ROC values.

261


file:///E:/Monica/random%20forest/SCRIPT_Appendix.docx

Chapter 7

b

Figure 7. 8 Example of testing of the Random Forest algorithm; a) testing of Marchand Random Forest algorithm on
Hardwick site at 10 m resolution; b) testing of Hardwick Random Forest algorithm on Marchand site at 10 m of resolution.
The Yellow dots represent the actual liquefaction surface manifestation while the black dots represent the prediction
depicted by the Random Forest model. Note the over estimation of this prediction, although the ROC and the confusion
matrix showed in Appendix A 13 revealed good performance of the model.
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7.4.3 Application of Random Forest technique to predict sites of surface manifestation of liquefaction in
the Manawatu River catchment

The detailed geomorphology of the chosen Manawatu River meander is shown in Figure 7.9. The DEM
of the Manawatu River was re-sampled at 10-15-20 m in order to be consistent with the resolution of

the training dataset and thus the classifier attributes. A geomorphic map was constructed for the

meander with the purpose of showing the geomorphic association of the predicted liquefaction ejecta.

Figure 7. 9 Geomorphic map and DEM of the Manawatu River meander selected as the Random Forest classifier testing site.

Figure 7.10 shows the application of the classifier to the Manawatu River at 10 m resolution. All the
predicted liquefaction ejecta are centred along the natural levee and in the inner meander belt of the

river, in particular within the point bar area characterized by higher elevation.
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Figure 7. 10 Application of the Classifier at 10 m resolution to the Manawatu meander.

Figure 7.11 (A and B) presents the results of the classifier in the testing area at 15 m resolution. Figure
7.11 A shows that some of the prediction does not have geomorphic validity since liquefaction is
predicted also in the river (Leaf n 5, legend of Figure 7.11 A). However, not all the predicted locations
of liquefaction surface manifestation of Leaf 5 are necessarily wrong since some of those are still
within the point bar complex and along the paleomeander edge. After removing the geomorphically
implausible Leaf 5 the final output looks similar to the prediction issued by using the 10 m resolution

(Figure 7.11 B).
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Figure 7. 11 Application of the 15 m classifier at the Manawatu meander A) Application of all the positive leaves of the
Marchand 15 m decision tree in Figure 7.4. Note Leaf 5 predicts liquefaction surface manifestation also in the river. The
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latter needs to be removed; B) Application of the leaves from the Marchand 15 m decision tree except Leaf 5. See text for
more details

Figure 7.12 is the output of the classifier tested at 20 m resolution. Panel A reveals that Leaf 3 predicts
liguefaction throughout the whole study area, but also it predicts more abundant liquefaction on the
edge of the paleochannel and also in association with other geomorphic features that are known for
being liquefaction susceptible (levee and point bars). However, there is also evidence of many more
locations of ejecta in the river and all around the floodplain without particular association with
geomorphic features. Since Leaf n 3 does not show geomorphic validity it is removed from the final

output of Figure 7.12 B.
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Figure 7. 12 Application of the 20 m classifier at the Manawatu meander detail: A) Testing of all the leaves from Figure 7.7
note that Leaf n 3 predicts liquefaction surface manifestation in the whole area; B) Testing of the 20 m classifier at the
Manawatu river meander except Leaf n 3.

7.5 DISCUSSION

This chapter presents a preliminary investigation of the use of the Random Forest classification for
determining whether or not landform morphometrics influence the liquefaction surface
manifestation. Although several aspects of the model here presented need further improvement, the
use of the Random Forest algorithm suggests an association between the micro topographic attributes
and liquefaction ejecta. However, the results represent correlation not causation, and it may be that
the direct controls on the spatial pattern of liquefaction ejecta are the availability of liquefiable
sediment at an appropriate depth, water table conditions and the nature of the surface soils.
Nonetheless, the findings are consistent with the hypothesis that surface gravitational stresses control
paths for liquefaction ejection (Caputo, 2005), leading some parts of the landform to show greater

liguefaction surface manifestation than others.
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In a 2-D modelling study of topographic influences on subsurface stress fields Martel et al. (2016)
showed that pure gravitational stresses related to topography lead to horizontally oriented
compressive stresses on ridges and horizontally oriented tensional stresses in valley bottoms in
landscapes of low relief. This may suggest that liquefaction-induced loss of subsurface shear strength
could lead to a propensity for cracking and ejection of sediment in the low elevation parts of the
landscape. However, these authors also show that where tectonic compressional forces dominate
gravitational forces the pattern of tensional and compressive stresses change. Under this condition
ridges become zones of vertical tension, while valleys become compressive. An outcome could be the
formation of sheeting cracking planes subparallel to the land surface over the ridge, the latter
potentially forming sediment flow pathways (dikes). Moon et al. (2017) extended this kind of
modelling work to three dimensions and showed that the shape and thickness of the subsurface zone
prone to fracturing was dependent on firstly, the ratio of tectonic to gravitational stresses and,
secondly, the curvature of the overlying topography; more highly curved parts of the landscape had
thicker zones of fracturing, and those zones were thickest near ridges and thinnest under valleys.
Although these studies assumed isotropic rock masses and constant tectonic stresses they suggest
possible important interactions between topography and imposed external stresses that could
provide insights into subsurface fracturing patterns relevant to understanding how liquefied sediment
vents to the surface. The appropriateness of the analogies drawn here to cyclical earthquake stresses
remains an open question that would require rigorous geomechanical modelling outside the scope of

the present research to answer.

7.5.1 Topographic predictors and the Random Forest model
In general it appears that the resolution of the topographic parameters control the sensitivity of the

classification but not the parameters involved in making the predictions. In other words, both the
Hardwick and Marchand models used the same predictors, and they all played a similar role in the

model design. Elevations and slopes are the main predictors, followed by profile and plan curvature,
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across all the resolutions used. The range of values for the micro-topographic parameters across the

two study sites is listed in Table 7.3.

TABLE 7. 3 Maximum and minimum values with mean for each of the topographic parameters

observed.

Resol Elevation Slope Profile Curvature Plan Curvature

ution

10m [1.96,8.41]mean [0,18.39] mean 1.29 [-4,4+7] mean -0.01 [-6, +4.88] mean -0.01
5.18

15m [1.97,8.94]mean [0,11.43] mean 0.99 [-2.6, +3.11] mean -0.01  [-3.23, +1.84] mean -0.01
5.42

20m [2.05,8.7] mean5.31 [0,8.57] mean 0.81 [-1.30,1.92] mean -0.01 [-1.83, +1.22] mean -0.01

Table 7.3, when compared with Table 7.1 and 7.2 or with the cumulative frequency distribution curves
shown in Figure 7.3, brings to light that the threshold values of the micro-topographic parameters
correlated with liquefaction ejecta are close to the mean of the distribution for all the parameters
used.

Qualitatively, the classifier at 10 m resolution is the most geomorphically plausible predictor of
liguefaction surface manifestation (see Manawatu site application in Figure 7.10). All the leaves from
the 10 m classifier predict ejecta on alluvial geomorphic features known for being liquefaction
susceptible (scroll bars and more in general inner meander bend) (Holzer et al., 2010). The testing of
the classifier at 15 and 20 m resolution revealed that some of the prediction did not have geomorphic
validity. However, only the minority of the prediction was implausible as for each test most of the

leaves issued a reasonable geomorphic prediction.

7.5.2 General model performance
The ROC parameters and the confusion matrix provide an estimates of how well the model is

performing. The values of ROC and confusion matrix suggest the models calibrated at Hardwick and
Marchand sites are working well (see Appendix A 13). However, the testing of the Marchand classifier
at Hardwick site and vice versa (Figure 7.8 A and B) revealed a large over estimation of liquefaction

ejecta at the two study sites. Two possible explanation can be the cause of this type of outcome.
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The first explanation is that a large overestimation of surface manifestation of liquefaction may be
influenced by the different geomorphic setting characterizing the two study areas. For example, the
geomorphology of the Hardwick site features a crevasse splay burying a paleomeander and its related
paleo-point bars, while the Marchand site features point bar deposits. The model does not contain
any explicit gecomorphic information. Although the hypsometric curves of the two training sites do not
outline major differences, the geomorphic features of the two sites are different. The differences in
the geomorphology may then be one of the causes for the over estimation of liquefaction ejecta at
Hardwick and Marchand sites. Other CES sites different to Hardwick and Marchand could be used for
further testing.

The second explanation is that the classifier resulting from Hardwick and Marchand incorporates the
effects of the SMOTE techniques (Chawla et al., 2002), which (positively) alters the original number of
liquefaction pixel already in the training dataset in favour of a more balanced dataset. Consequently,
further investigation is required on how the model was built and a better understanding of the site-

specific interactions with liquefaction surface ejecta is needed.

7.5.3 Application to a new site
The application at Manawatu River area shows that all models (i.e. at different resolutions) predict

the scroll bar and natural levee landforms as sites susceptible to liquefy and be affected by surface
ejecta, in line with the literature (Alessio et al., 2013; Civico et al., 2015; De Martini et al., 2015; Tuttle,
2001a; Tuttle et al., 2006; Tuttle and Atkinson, 2010; Tuttle et al., 1999; Tuttle and Hartleb, 2012a;
Tuttle et al., 2005) and the findings of Chapter 3. In contrast, the abandoned paleochannels are never
identified as potential locations for liquefaction surface manifestation at any of the topographic
resolutions employed. From a sedimentology perspective, abandoned meanders are characterized by
clay-rich sediment (clay-plug, see reference Ricci-Lucchi, 1980), which notably reduces the
liquefaction susceptibility. From a topographic perspective the paleochannels are characterized by a
much lower elevation and a general concave shape at the surface (positive values for profile curvature

and negative values for plan curvature), a more potentially stable surface (Talebi et al., 2008) less
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susceptible to cracking and thus less prone to allow sediment to come up at the surface. However, the
ostensible plausibility of the results is not enough to definitively prove that the model is robust and

that it can be used for predicting where liquefaction ejecta will occur, or have occurred in the past.

7.5.4 Limits of the Random ForestForest algorithm to predict the liquefaction ejecta
One of the limitations of this Random ForestForest application is the use of only four attributes

(elevation, slope, profile and plan curvature) for predicting the surface manifestation of liquefaction.
In the Random Forest application here presented, PGA (peak ground acceleration), water table, and
distance from the epicentre are not considered as predictors for the model because these variables
were either unknown (e.g. water table) or essentially invariant over the small study area (P.G.A.,
distance from epicentre). In order to test more parameters as predictors of liquefaction ejecta and
thus to improve the preliminary model presented in this chapter, it is suggested the selection of a
wider study area (e.g. the whole Halswell River, where there is a wealth of geotechnical data available)
and the use of relative, rather than absolute, elevation (Sumfleth and Duttmann, 2008) to generalize
the application of this model. Across a wider area, PGA values, along with other derived predictors
(shear wave velocity, shear modulus and differences in sedimentary settings) would vary and hence
be potentially suitable as predictors for the classifier.

In summary, the Random Forest classifier applied to microtopographic parameters shows some
potential for being used in an automated prediction of liquefaction surface manifestation. Some tests
of the Random Forest algorithm have identified specific geomorphic features as liquefaction prone
areas. However, the study does not systematically succeed in identifying these sites, or over-predicts
liguefaction occurrence. Finally, this new method may provide necessary but not sufficient conditions
for occurrence of liquefaction ejecta, and, therefore, it will not replace other important tools such as
geomorphic mapping based on LIDAR and analysis of old aerial photos and subsurface geological,

geotechnical and groundwater models for locating study sites for paleoliquefaction investigations.
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7.6 CONCLUSION

o Despite the limited modelling undertaken, Random Forest machine learning identifies
significant relationships between microtopography and the presence or absence of
liquefaction ejecta in a fluvial floodplain setting. The microtopographic control on surface
manifestation of liquefaction supports the idea of gravitational stress control for the
liguefaction ejection paths as proposed by Caputo (2005).

e Across a range of topographic resolutions, elevation, slope and plan or profile curvature are
ranked in that order of decreasing importance for predicting ejecta presence.

e Random Forest trees effectively identify positive relief landforms such as crevasse splays,
levees and scroll bars as being the landforms favoured for ejecta occurrence.

e The classifiers do not appear to be systematically identifying elements of landforms with
particular topographic characteristics that make them prone to tensional stresses, lateral
spreading and consequent ejection of fluidised sediment.

e Thetraining dataset at 10 m resolution resulted in the best prediction of surface manifestation
of liquefaction, however a higher dataset resolution (e.g. smaller pixel size of 5m or 1 m, in
relation to the computational efficiency that is available) is suggested, in order to improve the
accuracy of the model and reduce the predictions that are not geomorphically plausible.

e A 10 m-resolution Random Forest model trained on a site characterized by point bars
geomorphology (the Marchand site) produced a plausible liquefaction distribution when
applied to a meander of the Manawatu floodplain with similar geomorphology.

e Although showing promising initial results, the Random Forest model presented is only
preliminary and it needs further improvement in the model design to be more robust in its

predictions.
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8 SUMMARY AND CONCLUSIONS

This thesis presents a detailed analysis of liquefaction surface manifestation, stratigraphy and

sedimentology of the alluvial and coastal settings of the Canterbury Plains affected by liquefaction

during the Canterbury Earthquake Sequence (2010-2011 CES). The aim of the work has been to

support future studies targeting paleoliquefaction and draws the following conclusions.

8.1 Sedimentary environments

The liquefaction features in the Canterbury Plains were associated with Holocene alluvial and
coastal landforms characterized by soil types of recent age (700-2400 years) with poor or
imperfectly drained conditions (Chapter 2). The liquefaction ejecta in the alluvial setting is
expressed mainly as coalescencing sand blows along fissures aligned following the trend of
point bar deposits and the channel current direction, while in the coastal setting the
liquefaction ejecta appeared to have a rounded or subrounded shape and no defined
orientation or pattern (Chapter 4 and 5).

The understanding of the architecture of the sedimentary environment was critical to
comprehending why liquefaction surface manifestation corresponds to specific geomorphic
features, and what is the origin of the liquefaction susceptibility. The case study of this
dissertation suggested that subsurface liquefaction can occur in different areas of the
floodplain even with no surface manifestation. However, paleochannel and point bar deposits
are the main source of liquefaction ejecta owing to their fine to very fine texture, water
saturation and sedimentary architecture that facilitates ejection of liquefying sand. Also, the
study sites analysed in this research showed that areas with an impermeable crust or with a
slightly higher elevation (such as crevasse splays, point bar ridges) may be more prone to show
liqguefaction at the surface (Chapter 3). The liquefaction source layer in the alluvial setting
undergoes substantial sorting when sediment is mobilised by liquefaction. River sediment is
characterized by multimodal grain size distribution (Chapter 3); however sand blow grain size

samples are relatively well sorted (homogeneous clean fine and very fine sand). Moreover,
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sand blows are sorted than dikes because the sediment ejected at the surface leaves behind
the coarser grains, and also the winnowing effect of the water ejected during the liquefaction
process allows removal of fine sediment (silt and clay). In dikes and sills the liquefaction
sorting process is less pronounced; therefore the original grain size subpopulations of the
source layer are more preserved. The samples from dikes and sills are better candidates for
the analysis of the properties of the source layer. This different degree of sorting has
implications in the use of the Tsuchida’s (1970) liquefiable soil thresholds as explained below.
The fabric of liquefied sand (Chapter 6) also revealed the sorting process during remobilization
and ejection . In particular, the thin section analysis showed that within a liquefaction dike
there is a grain size gradient from the core to the edge of the dike caused by different flow
regimes within the dike (Chapter 6).

The depositional setting of the alluvial environment characterized by cut and fill, and lateral
and vertical accretion can create a complex stratigraphy and multiple source layers (of fine
sand and silty sand) susceptible to liquefaction.

The grain size analysis of samples from cores and trenches confirmed that multiple
liguefaction sources are possible, in both alluvial and coastal settings but not all of them may
provide sediment for surface ejecta.

The area of surface manifestation of liquefaction does not outline the extent of the
liguefaction source layer or of the liquefaction process in the subsurface. As observed at many
study sites, liquefaction features were exposed in the form of sills or blisters or dikes not
surfacing, and only visible when a trench was excavated.

The features found in the alluvial setting of the Canterbury Plains consisted of liquefaction
dikes, sand blows, fissure with coalescing sand blows aligned subparallel to river features, rare
blisters and abundant lateral spreading (this study and, Almond et al., 2010a; 2012; Bastin et

al., 2015; 2016; Tuttle et al., 2017 ; Villamor et al., 2016).
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The unique set of liquefaction features found in the coastal setting included: A horizon
splitting, pillow like structures, and blister-collapse systems. Documentation of these features
was undertaken for the first time in the coastal setting of the Canterbury Plains, and in
particular after the Valentine’s Day Earthquake of February 2016 (Chapter 4). The Valentine’s
Day Earthquake was a fortuitous event, which helped to improve the understanding of the
genesis of most of the liquefaction features in the coastal setting.

Liguefaction features in the coastal setting, in particular at Featherston Avenue Reserve, were
associated with interdune deposits, whereas on the dune ridges of the same area, no
liguefaction ejecta were observed. No association between liquefaction ejecta and
geomorphic features was obvious at the coastal sites studied in the Christchurch urban area
(e.g. Wainoni and QEIl park), possibly because of intensive recontouring of the land surface.
The source of the liquefaction features in the coastal setting was very close to the ground
surface (near-surface liquefaction), in most cases within 1 m depth. The trenches, along with
the visual inspection of cores and grain size analysis, showed that the source layer for surface
ejecta was coastal dune sand, but alluvial sand liquefied at depth.

The surface pattern of liquefaction features in the coastal setting is a consequence of a shallow
water table and of better sorted sandy sediment typical of the dune environment. The lack of
a thick crust and of fine grains (silt and clay) in the coastal dune sediment prevent the build-
up of very high water pressure. As a consequence, the water can vent easily through the
sediment. The A horizon of the coastal dune setting is cohesionless and very weak (Chapters
4 and 5), which facilitates the liquefied sand from the B or C horizon to disrupt the A horizon
fabric, forming low angle sills or lenses of A horizon (Chapter 4 and 5).

The thin section (micromorphological) analysis was considered a valid post field work
technique to corroborate the stratigraphic interpretation and to determine the different
generations of liquefaction identified in the trenches. The micromorphological analysis of the

modern liquefaction fabric of both alluvial and coastal sediment is characteristically single
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grains with no presence of textural and organic pedofeatures. In contrast, paleoliquefaction
features are characterized by a bridged or pellicular microstructure with common presence of
textural and organic pedofeatures. The paleoliquefaction features discovered at the study
sites investigated by this research revealed paleoliquefaction features at Wainoni and QEll
Parks. The age of the paleoliquefaction features at Wainoni Park was AD 1666-1803. However,
no age constraints were established for the QEIl Park site. At Featherston Avenue Reserve it
was particularly challenging to distinguish paleoliquefaction features since the high
liguefaction susceptibility of this site and the stratigraphic disruption caused by the
liquefaction features created potential superimposition of multiple liquefaction events.

In conclusion, what are the best places to target for finding paleoliquefaction features?

e The research presented showed that the coastal setting, due to a shallower water table and
well sorted sandy sediment, is too susceptible to liquefaction. The soil stratigraphy of the
coastal sites affected by liquefaction results in a soil profile very disrupted (multiple events of
liguefaction means overlapping of different generations of A horizon splitting, collapse
features or blisters not distinguishable) which will make the recognition of paleoliquefaction
features particularly challenging. The frequency and magnitude of depositional events is also
less conducive to creating stratigraphic settings in which relative and numerical ages of
paleoliquefaction features can be established (c.f. the alluvial setting, below).

In contrast, the alluvial setting is a better place for looking for paleoliquefaction features. The reasons

are as follows:

e Amongst the sandy layers deposited on a floodplain, some can be characterized by a higher
content of fines (silt and clay) which prevents the liquefaction susceptibility;

e On a floodplain a high frequency of flooding generates relatively thin volume of sediment
superposed on each other. Injection (dikes and sills) and ejections (sand blows or blisters) of

sediment during liquefaction episodes has a high chance of being embedded by depositional
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event showing clear cross cutting relations with soil sedimentary features. Also wet floodplain
environments conducive to liquefaction host abundant organic material that can be dated by
14 C. The alluvial study case showed also that point bar deposits of sandy bed rivers with bed-
load channel deposits are good source of potential liquefaction sediment.

8.2 Techniques

With regard to the techniques used to investigate the liquefaction features in alluvial and coastal

setting, this research leads to the following conclusions.

e The acquisition of LiDAR elevation data is critical to study the geomorphology of areas
affected, or that can be affected, by liquefaction and investigate subtle changes of topography
that may be relevant for liquefaction surface manifestation. In order to use this research and
best target places for paleoliquefaction investigation, it is recommended to select areas with
a LiDAR existing coverage or fly new surveys.

e The paleoseismic trench is the premier tool to investigate liquefaction features and study the
stratigraphy as it fully exposes them. However, in the coastal setting the shallow water table
limited excavation to shallow depths. This limit was partially solved by hand-dug pits in
proximity of the trenches. Hand-dug pits were useful to understand the stratigraphic
variations that were not exposed in the trenches. In places with high water table, supporting
information can be extracted from cores as they can be analysed for soft sediment
deformation, and deeper sedimentary architecture and properties. Two-dimensional high
resolution GPR (400 to 1500Hz) was confirmed as an important tool to detect changes in
sediment geophysical properties and define the uppermost stratigraphic units such as
crevasse splay at Hardwick site and point bar architecture (Chapter 3) at Marchand, but high
water table conditions limit its use for deeper sections (Villamor et al., 2016; 2014). The 3D
GPR was a valid tool to image the subsurface anomalies caused by liquefaction. In the study

case presented here the 3D GPR improved the efficiency of the trenching campaign, since it
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accurately localized the liquefaction features at various depths (between 0.25 and 1.25 m
below the ground) (Chapter 3).

e This research suggests that Tsuchida’s (1970) boundaries may not be representative of
certain liquefiable soil types. Tsuchida’s (1970) soil boundaries are derived from sand that has
already experienced liquefaction (mainly sand blows) and thus has undergone substantial
grain size sorting (Koester and Tsuchida, 1989). Therefore they do not include liquefiable soil
types that contain a larger component of silt (e.g. silty sand in the alluvial setting) and that
can also experience liquefaction, as shown in Chapter 3.

e The mixdist analysis (Du, 2002) was tested to analyse liquefiable sediment for the first time
in this thesis. The analysis can successfully identify the liquefiable source layer characteristics
and its stratigraphic location by comparing the grain size distribution of liquefied sediment
collected at the surface or exposed in the trench (sand blows, dikes and sills) with the grain
size distribution of sediment in the core (similarity metric, Chapter 2) regardless of sorting
effects during liquefaction. These results have been corroborated by a new compositional

data analysis (Aitchison, 2011; Hodge, 2016).

8.3 Future Studies

e Improve the Random Forest algorithm to have a more reliable and robust prediction of
places to target paleoliquefaction investigation. For example, it is suggested to use a wider
training area and relative elevation to make a better classification.

e Use the micromorphology technique to assess which parts of the deeper sediment as
revealed in cores liquefied. The scope of this study was to define the microfabric of
liguefied soils and assess whether or not this technique can be used as a diagnostic tool.
Now that this study has proven the validity of the technique, it can be applied to the cores

to assess which core sections liquefied. This can be an additional tool to the visual
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inspection of core (identification of soft sediment deformation), grain size and sCPT
analysis.

Further integration of techniques and additional ones (e.g., CT scanning of cores) with a
more in depth analysis of sCPT. In particular, a better understanding of the sediment
properties along a core, and knowing what specific layers liquefied, could help to
discriminate the meaning of the sCPT parameters and perhaps help refine sCPT data
interpretations; sCPT is quick and economic but has not given a refined result in this study.
More studies will be needed to be able to integrate the geological results (sediment
properties, presence of liquefaction) with geotechnical parameters.

Use the micromorphology techniques to improve the understanding with regards to the
weathering of the liquefaction features occurring in different type of settings
(alluvial/coastal/estuarine) and also in relation to the age of the sediment (Holocene vs
late Pleistocene liquefaction features).

Use the knowledge gathered in this research to refine the magnitude-bound relations
(Castilla and Audermard, 2007; Galli, 2000; Olson et al., 2005b; Papadopoulos and
Lefkopoulos, 1993; Papathanassiou et al., 2005; Pirrotta et al., 2007) for liquefaction
surface manifestation, in order to improve the liquefaction susceptibility maps

throughout New Zealand and elsewhere.
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