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Abstract

Earthquakes redistribute �uids and change associated �ow paths in the subsurface.

Earthquake hydrology is an evolving discipline that studies such phenomena, provid-

ing novel information on crustal processes, natural hazards and water resources. This

thesis uses the internationally signi�cant New Zealand "hydroseismicity" dataset, in a

regional-scale multi-site multi-earthquake study which includes the occurrence and the

absence of responses, spanning a decade. Earthquake-induced groundwater level and

tidal behaviour changes were examined in a range of aquifers, rock types and hydrogeo-

logical settings. Monitoring wells were within one (near-�eld) to several (intermediate-

�eld) ruptured fault lengths of a variety of earthquakes that had a range of shaking

intensities. This thesis presents three studies on the seismic and hydrogeological con-

trols on earthquake-induced groundwater level changes.

Water level changes were recorded New Zealand-wide within compositionally di-

verse, young shallow aquifers, in 433 monitoring wells at distances between 4 and 850

km from the 2016 Mw 7.8 Kaik	oura earthquake epicentre. Water level changes are

inconsistent with static stress changes, but do correlate with peak ground acceleration

(PGA). At PGAs exceeding ∼2 m/s2, water level changes predominantly increased per-
sistently, which may have resulted from shear-induced consolidation. At lower PGAs

there were approximately equal numbers of persistent water level increases and de-

creases, which are thought to have resulted from permeability enhancement. Water

level changes also occurred more frequently north of the epicentre, due to the north-

ward directivity of the Kaik	oura earthquake rupture. Local hydrogeological conditions

also contributed to the observed responses, with larger water level changes occurring

in deeper wells and in well-consolidated rocks at equivalent PGA levels.

Earthquakes have previously been inferred to induce hydrological changes in aquifers

on the basis of changes to well tidal behaviour and water level, but the relationship be-

tween these changes have been unclear. Earthquake-induced changes to tidal behaviour

and groundwater levels were quanti�ed in 161 monitoring wells screened in gravel

aquifers in Canterbury, New Zealand. In the near-�eld of the Canterbury earthquake

sequence of 2010 and 2011, permeability reduction detected by tidal behaviour changes

and increased water levels supports the hypothesis of shear-induced consolidation. Wa-

ter level changes that occurred with no change in tidal behaviour re-equilibrated at a

new post-seismic level within ∼50 minutes possibly due to high permeability, good

well-aquifer coupling, and/or small permeability changes in the local aquifer. Water
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level changes that occurred with tidal behaviour changes took from ∼240 minutes to

∼10 days to re-equilibrate, thought to represent permeability changes on a larger scale.
Recent studies commonly utilise a general metric for earthquake-induced hydrolog-

ical responses based on epicentral distance, earthquake magnitude and seismic energy

density. A logistic regression model with random e�ects was applied to a dataset of

binary responses of 495 monitoring well water levels to 11 Mw 5.4 or larger earthquakes.

Within the model, earthquake shaking (represented by peak ground velocity), degree of

con�nement (depth) and rock strength (site average shear wave velocity in the shallow

subsurface) were incorporated. For practical applications, the probabilistic framework

was converted into the Modi�ed Mercalli (MM) intensity scale. The model shows that

water level changes are unlikely below MM intensity VI. At an MM intensity VII, wa-

ter level changes are about as likely as not to very likely. At MM intensity VIII, the

likelihood rises to very likely to virtually certain. This study was the �rst attempt

we are aware of worldwide at incorporating both seismic and hydrogeological factors

into a probabilistic framework for earthquake-induced groundwater level changes. The

framework is a novel and more universal approach in quantifying responses than pre-

vious metrics using epicentral distance, magnitude and seismic energy density. It has

potential to enable better comparison of international studies and inform practitioners

making decisions around investment to mitigate risk to, and to increase the resilience

of, water supply infrastructure.
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1 Motivations and research questions

Earthquakes redistribute �uids and change associated �ow paths in the subsurface.

Earthquake hydrology is an evolving discipline that studies such phenomena, providing

novel information on crustal processes, natural hazards and water resources. Although

there are extensive networks for seismic and groundwater monitoring in New Zealand

due to the high levels of seismic activity and heavy reliance on groundwater, there

have been few investigations of earthquake-induced hydrological responses and their

causes. This thesis focuses on contributing local observations of earthquake-induced

changes to groundwater levels and tidal behaviour, providing locally important and

internationally signi�cant observations from New Zealand.

Earthquakes can in�uence the hydrological regime in surface waters (Montgomery

et al., 2003; Montgomery and Manga, 2003) and groundwater (Roelo�s, 1998), a�ect-

ing water quality (e.g. Manga and Rowland, 2009; Cox et al., 2015; Rutter et al.,

2018) and quantity (Manga, 2001; Wang and Chia, 2008; Chen and Wang, 2009). Fur-

thermore, earthquakes may a�ect hydrological processes in a variety of environments

(Manga and Brodsky, 2006; Dykes et al., 2017) and seismic shaking may cause surface

sediments to lose strength and liquefy (Galli, 2000; Berrill et al., 1994; Ambraseys,

1988). Earthquakes can a�ect �uid pressures thousands of kilometres from earthquake

epicentres (Figure 1.1, Brodsky et al., 2003; Shi and Wang, 2014; Weingarten and Ge,

2014; Zhang et al., 2015), which may inturn trigger seismicity (e.g. Velasco et al., 2008).

Since responses vary with distance from the earthquake epicentre, the following general

expressions are commonly adopted (Wang and Manga, 2010a): near-�eld denotes one

rupture fault length, intermediate-�eld represents one to ten rupture fault lengths and

far-�eld includes greater distances.
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1.1 Motivations

Figure 1.1: Photo of the response of a monitoring well in China taken two days after
the 2004 Mw 9.2 Sumatra earthquake ∼3200 km away. The fountain was ∼50 to 60 m
high one day after the earthquake. Photo taken by Hou Banghua, Earthquake O�ce
of Meizhou County, Guangdong. From Wang and Manga (2010a).

1.1 Motivations

This thesis addresses the interaction between seismic and hydrogeological processes,

and in doing so is motivated to provide internationally signi�cant examples of crustal

hydromechanics, assist in the mitigation and prediction of natural hazards and support

infrastructural decision-making in the public and private sector.

In recent decades there been increasing recognition that �uids are mechanically in-

volved within all stages of the earthquake cycle (Sibson, 1994; Faulkner et al., 2010) and

that permeability �uctuations play a key role in the rupture-reactivation-cementation

cycle (Dempsey et al., 2014; Sutherland et al., 2012; Boulton et al., 2017). In ac-

tive tectonic environments, permeability appears to be dynamically self-regulating (cf.

Townend and Zoback, 2000; Weis et al., 2012) and coupled with the structure and

mechanics of fault zones (Faulkner et al., 2010; Bense et al., 2013). The self-regulating

nature of permeability is achieved through competing processes that increase and de-

crease the connectivity and volume of voids and fractures (Rojstaczer et al., 1995).

Permeability changes can be induced by earthquakes, both locally and distally, di-

rectly or indirectly through changes in static and dynamic stress (Wang and Manga,

2010a). Creep-related water-level change (e.g. Johnson et al., 1973; Mortensen et al.,

2



Motivations and research questions

1977) could be related to fault plane permeability, propagation speed, slip distribution

and hydraulic di�usivity of the reservoir rock (Roelo�s and Rudnicki, 1986; Rudnicki

and Roelo�s, 1990; Wesson, 1981; Roelo�s and Rudnicki, 1984). On a larger-scale, it

is postulated that high pore pressures partially contribute to the conditions required

for slow slip earthquakes (SSEs; Sa�er and Wallace, 2015). The impact �uids have

on the occurrence of SSEs is important because SSEs may trigger potentially large

earthquakes in the region surrounding aseismic slip (Ito et al., 2013; Kato et al., 2012).

Water-level changes have additionally been assessed for precursory earthquake signals

(Liu et al., 2013; Shi et al., 2013a).

Natural hazards may be in�uenced by the coupling of seismic and hydrological

processes. Seismically-induced hydrological changes may contribute to the severity of

droughts or �oods (Chen and Wang, 2009), in�uence geothermal activity (Linde and

Sacks, 1998; Manga and Brodsky, 2006; Bonini et al., 2016), or control the extent

of liquefaction (Wang, 2007). Thresholds of stress (e.g. Seed and Idriss, 1967; Youd,

1972) and strain (e.g. Dobry et al., 1982; Vucetic, 1994) demonstrate that the incidence

of consolidation-induced liquefaction (Terzaghi, 1925) may occur at distances up to

∼1 ruptured fault length. However, liquefaction beyond these epicentral distances

may be caused by dynamic shaking that generates and/or enhances pathways between

sources and soil sites, which in turn may cause pore-pressure spreading (Wang, 2007).

Landslides and lateral spreading may be triggered by pore-pressure increases. Thus,

understanding the non-linear e�ects of �uid movement during seismic events may help

determine liquefaction susceptibility (Wang, 2007), landslide occurrence (Seed, 1968)

and land damage.

Natural hazards associated with earthquake-induced hydrological responses can also

in�uence ecological systems. In many parts of the world biodiversity has been reduced

in forests due to landslides (Allen et al., 1999), tsunamis (Jacoby et al., 1997) and

groundwater fauna have been a�ected by changing groundwater-levels (Galassi et al.,

2014). In some instances, increased water discharge at the surface temporarily promotes

root-water-uptake (Mohr et al., 2015).

Boreholes and associated monitoring equipment are costly to install and maintain

and can be subject to damage during earthquakes (Figure 1.2). Earthquake shaking

may result in water-related damage to piezometers and data loggers rendering mon-

itoring non-functional. Turbidity increases within well waters may cause screens to

become clogged with sediment, reducing well productivity and increasing extraction

costs (e.g. Zemansky et al., 2012; Rutter et al., 2016). Elucidating the controls on such

problems may advise protocol for post-earthquake management of infrastructure.
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1.1 Motivations

Figure 1.2: Example of damage to wells in the Canterbury Plains caused by the 2010
Mw 7.1 Dar�eld earthquake. Some well heads were a�ected by subsidence while others
rose out of the ground. Photos from Zemansky et al. (2012).

The understanding of seismically induced �uid �ow processes can aid industry with

resource development and management, and advance extraction methods. Seismicity-

induced �ow may compromise the longevity of CO2 (Zoback and Gorelick, 2012; Glee-

son and Ingebritsen, 2016), waste-water (Keranen et al., 2014) and nuclear waste (Carri-

gan et al., 1991) repositories. Furthermore, �uid injection can induce seismicity through

hydraulic fracturing (e.g. Ellsworth, 2013; Keranen et al., 2014).

Earthquakes may cause permanent changes in aquifer permeability and/or storativ-

ity, altering an aquifer's capability to store and transport �uids. Permeability controls

hydrocarbon migration (Gluyas and Swarbrick, 2013) and in�uences the advection of

heat and solutes (Cox et al., 2015). Static stress changes may re-distribute and concen-

trate resources into economically viable units for extraction. Seismic pumps (Sibson

et al., 1975) may provide an elegant way to transport large volumes of hydrocarbons

(Burley et al., 1989), especially where buoyancy driven pathways are inadequate. Fur-

thermore, seismic pumping and �uid pressure di�erentials are thought to control the

distribution of mineral deposits, which are commonly found in fault jogs or other di-

latational sites (Sibson, 1986). Yet, case-studies of real-time �uid �ow around faults

during fault-rupture (e.g Cox et al., 2012) are not consistent with the seismic pumping

model.

The last decade in New Zealand has seen substantially more large-scale seismic

activity (Kaiser et al., 2017) than in the four decades prior (Downes and Dowrick, 2015;

Nicol et al., 2016). Furthermore, the Alpine Fault is thought to be late in its seismic

cycle (∼300 years) and typically ruptures with large magnitude (∼ Mw 8; Sutherland

et al., 2007; Berryman et al., 2012; Howarth et al., 2014). With an increasing number

of earthquakes in New Zealand in the last decade, there has been a realisation that

the New Zealand "hydroseismicity" dataset is internationally signi�cant and worthy
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Motivations and research questions

Figure 1.3: Damage after the devastating Mw 6.2 Christchurch earthquake on 22 Febru-
ary 2011, which killed 185 people and injured thousands. (a - Left) Much of the central
business district had severe damage to buildings and infrastructure, (b - Right) Lique-
faction was widespread during the Canterbury earthquake sequence, causing ∼NZ$ 15
to 20 billion in infrastructure damage. Photos from https://www.stu�.co.nz.

of comparison to the responses recorded from the 1999 Mw 7.6 Chi-Chi earthquake

(Taiwan), one of the most widely studied and cited events in earthquake hydrology

(e.g Wong and Wang, 2007; Wang et al., 2004a). A series of studies have started

to capitalise on the dataset, including in particular investigations of the groundwater

response to the Canterbury earthquake sequence of 2010-2011 (Figure 1.3 Cox et al.,

2012; Gulley et al., 2013; Dudley Ward, 2015; Rutter et al., 2016).

1.2 Research questions

A major contribution of this study has been to compile a national record of multiple

monitoring sites, responding to multiple earthquakes in order to elucidate the causative

factors. This thesis focuses on characterising and assessing earthquake-induced changes

in groundwater level and tidal behaviour. As part of the Marsden project "Earthquake

hydrology: Seismic pumps or broken pipes?" (12-GNS-003), this thesis aims to address

the following questions:

What is the relative importance of static and dynamic stress changes on

groundwater level changes?

The sign and amplitude of groundwater-level changes can be compared with those

predicted from mechanistic models to provide insight into the causal mechanisms. To

date, there is continued debate on the contribution of static and dynamic stresses

to earthquake-induced water-level responses (Wang and Manga, 2010a). Both static

and dynamic stresses increase with earthquake magnitude, but decay very di�erently

with distance from the epicentre (Manga and Wang, 2007). Earthquake-induced static

5



1.2 Research questions

stress changes imposed on the surrounding crust cause volumetric strain changes within

aquifer systems. Previous studies have suggested that volumetric strain changes cause

water-level changes (e.g. Wakita, 1975; Quilty and Roelo�s, 1997; Jónsson et al., 2003;

Akita and Matsumoto, 2004).

Dynamic stress changes may also induce a variety of mechanisms depending on the

shaking intensity at the site of interest. Shear-induced dilatation, consolidation and

liquefaction (Wang et al., 2001; Wang, 2007) are thought to occur at cyclic shear strains

exceeding ∼ 10−4 (Dobry et al., 1982; Vucetic, 1994). At lower thresholds of dynamic

shaking, earthquake-induced �ow velocities may be strong enough to dislodge colloidal

particles in preferential �ow pathways (Wang et al., 2009) and enhance horizontal

permeability (Matsumoto et al., 2003; Brodsky et al., 2003; Wang and Chia, 2008;

Rutter et al., 2016). At low levels of dynamic shaking, pore spaces may dilate and

compress leading to transient pulses of pore pressure (Roelo�s, 1998) and poroelastic

deformation (e.g. Kano and Yanagidani, 2006). This thesis assesses the contribution

of static and dynamic stress changes by comparing them to groundwater-level change

characteristics

What is the relative importance of each hydrogeological factor on ground-

water level changes?

Although information about the distance from the epicentre and earthquake-induced

stress changes provides a rough approximation of how a monitoring well may respond

to an earthquake, some monitoring wells respond with larger amplitudes of water-level

changes than other wells with the same epicentral distance and similar degrees of stress

change. Aquifer properties are likely to partly control earthquake-induced water-level

changes. The degree to which hydrogeological factors contribute to earthquake-induced

groundwater-level changes is still poorly understood. The temporal variation of sea-

sonal water level �uctuations is controlled by hydrometeorological factors, but the spa-

tial variation is governed by geological factors, such as: lithology; topography; slope;

geological structures; fracture systems; weathered-zone thickness; drainage pattern;

landforms; climatic patterns; and land use/cover (Mukherjee, 1996; Alley et al., 2002;

Bhuiyan, 2010). Hydrological factors that a�ect seasonal water level �uctuations in-

clude transmissivity and storativity. As we are generally interested in the saturated

zone, we collectively term these geological and hydrological factors as hydrogeological

factors which also a�ect earthquake-induced groundwater level �uctuations.

Several studies show that the degree of con�nement may in�uence the occurrence

of responses (Stearns, 1928; Eaton and Takasaki, 1959; Roelo�s, 1996; Rutter et al.,

2016), while rock type may determine the capability of an aquifer to respond hydrologi-

cally to teleseismic earthquakes (Brodsky et al., 2003; Shi and Wang, 2014; Weingarten

and Ge, 2014; Zhang et al., 2015). Furthermore, variable permeability may contribute
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to the amplitude of water-level changes (Manga and Wang, 2007; Wang et al., 2009)

and reequilibration time (Faoro et al., 2012). O'Brien et al. (2016) �rst showed the im-

portance of local hydrological parameters, speci�cally how landslides respond, whereas

this thesis builds on this work to examine to what extent hydrogeological factors are

regionally important contributors to groundwater-level changes.

Is there a more informative earthquake hydrology metric than epicentral

distance and magnitude?

Currently, the most universal earthquake hydrology metric is that of the earthquake's

magnitude and the epicentral distance to hydrological responses (Wang and Manga,

2010b). The current metric does not consider hydrogeological factors. Furthermore, the

terms seismic energy density (Wang, 2007), near-, intermediate-, and far-�eld (Wang

and Manga, 2010a) and one fault rupture length (Wells and Coppersmith, 1994) do not

take into account the directivity of an earthquake. This thesis incorporates seismic and

hydrogeological factors in a probabilistic framework and is a fresh and more universal

approach to earthquake hydrology metrics.

1.3 Thesis content

The body of this thesis is three self-contained studies (Chapter 3, 4, and 5), that have

been prepared for publication in academic journals. The three studies are at various

stages of preparation/submission and thus contain individual abstracts; introductions;

methods and conclusion sections. As a result, there is some repetition of the discussion

of processes and datasets presented. Also they have been written in the �rst person

plural ("we"), as is common practice for publications involving several authors. This

thesis is structured in the following way:

Chapter 2: Background and scienti�c approach

This chapter discusses the background of earthquake hydrology and the mechanisms

that cause earthquake-induced hydrological responses. The New Zealand geological

setting and a monitoring network of hydrogeology and seismology, collectively termed

the �hydroseismicity� dataset are presented. Previous international and New Zealand

studies are considered within the context of the scienti�c approach applied in this

thesis.

Chapter 3: Case study of the 2016 Mw 7.8 Kaik	oura earthquake

The Mw 7.8 Kaik	oura earthquake occurred on the 13th November 2016 23:02:56 (NZST)

and induced groundwater-level changes throughout New Zealand. This study collates
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1.3 Thesis content

groundwater-level responses from 433 sites in compositionally diverse, young shallow

aquifers, at distances of 4 to 850 km from the earthquake epicentre. The level to which

earthquake-driven and local hydrogeological factors contributed to the national-scale

groundwater level response has been assessed. This is the most extensive "hydroseis-

micity" dataset ever compiled in New Zealand, surpassing the collation made by Cox

et al. (2012) for the 2010 Mw 7.1 Dar�eld earthquake and is comparable to large case

studies internationally such as the 1999 Mw 7.3 Chi-Chi (Chia et al., 2008), and the

2008 Mw 7.9 Wenchuan earthquake (Shi et al., 2013b, 2015b).

Chapter 4: Tidal behaviour and water-level changes to multiple earthquakes

The relationship between tidal behaviour changes and water-level changes remains

unclear (Elkhoury et al., 2006), with changes rarely occurring simultaneously (e.g.

Shi et al., 2015b; Yan et al., 2014; Shi and Wang, 2015). In this study changes to

tidal behaviour and water-level in a hydrological network, monitoring gravel aquifers

in Canterbury, New Zealand, are quanti�ed following response to nine Mw 5.4 or larger

earthquakes in the period of 2008 to 2015. This study assesses the occurrence and

absence of responses, their corresponding thresholds of seismic shaking and implications

of scale and well-aquifer relations.

Chapter 5: Aquifer susceptibility to earthquake-induced

groundwater-level changes

The �rst probabilistic model for groundwater response as a function of the Modi�ed

Mercalli (MM) intensity scale for earthquake shaking has been constructed by devel-

oping a catalogue that is comparable to international datasets. The occurrence and

absence of persistent groundwater-level changes in 495 monitoring wells to one or more

of 11 earthquakes larger than Mw 5.4, between 2008 and 2017 has been quanti�ed. A

binary logistic regression model with random e�ects has been applied to the dataset

with three predictors: peak ground velocity (PGV), depth and site-average shear wave

velocity. Marginal probabilities have been calculated as a function of PGV and the MM

intensity scale, as well as the likelihood of persistent water-level changes for MM inten-

sity II to VIII. The probabilistic framework determined here is proposed as an addition

to the environmental response criteria of the New Zealand MM intensity scale.

Chapter 6: Summary and directions for future research

In the �nal chapter, the key results of the three studies are examined and re�ected

upon, with respect to the research questions outlined in Section 1.2. Implications for

future research are discussed and preliminary analysis of possible research avenues are

presented.
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Appendix A: Monitoring well tidal responses, Canterbury,

South Island, New Zealand

This is an appendix for Chapter 4, containing monitoring well number, location and

depth collected from Environment Canterbury. The earth and ocean tidal properties

have been computed using Baytap08 for monitoring wells. The data include poro-

elastic properties and phase lag of the M2 waveform and the amplitudes of various

waveforms. See Electronic appendices for further supplementary data relevant to the

Chapter 4.

Electronic appendices

Electronic appendix 1 : The seismic and hydrological data for each monitoring well in

the 2016 Mw 7.8 Kaik	oura earthquake dataset is provided, together with the earthquake-

induced static stress changes, dynamic shaking parameters, associated hydrological

response characterisation and hydrogeological properties. This appendix has been in-

tegrated into the supplementary material for the manuscript that has been submitted

to the international journal Geo�uids (Chapter 3).

Electronic appendix 2 : Water-level data for the wells that showed tidal signals

for the period 01/01/2008 to 01/06/2016 have been included in the same order as

Appendix A. Furthermore, a .kml �le shows the spatial distribution of tidal responses

and water-level changes for each earthquake. This supplementary material, together

with Appendix A, forms the supplementary material for the manuscript submitted and

reviewed by the international journal Water Resources Research (Chapter 4).

Electronic appendix 3 : The binary water-level responses to the 11 earthquakes that

occurred between 2008 and 2017 are provided, together with the seismic properties

and hydrogeological parameters. This appendix is integrated into the supplementary

material for the manuscript that will be submitted to an international journal (Chapter

5).

1.4 Statement of contributions

The research described in this thesis has been conducted by me (Konrad Cedd Weaver),

unless stated otherwise. Mai-Linh Doan (ISTerre, France) contributed knowledge on

tidal analysis (Chapter 4), Caroline Holden (GNS Science) provided insights into seis-

mic processing (Chapter 3, 4), Helen Rutter (Aqualinc Research Ltd) provided data

collection support (Chapter 3), Ian J. Hamling (GNS Science) calculated static stress

changes (Chapter 3) and Richard Arnold (Victoria University of Wellington) gave guid-

ance on statistical analysis (Chapter 5). All results presented also bene�ted from col-

laboration with New Zealand regional Councils. The �rst person plural writing style
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used in Chapter 3, 4 and 5 re�ects these contributions and the guidance and advice of

my supervisors Simon C. Cox (GNS Science) and John Townend (Victoria University

of Wellington) throughout the project.
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2 Background and scienti�c approach

2.1 Mechanisms of hydrological responses to

earthquakes

A general reference used to study earthquake-induced groundwater-level changes takes

into consideration the magnitude of the earthquake and the epicentral distance of

the hydrological response. The use of this metric is particularly useful due to the

many historic response documentations that lack any other hydrological or seismolog-

ical characteristics (Figure 2.1, Wang and Manga, 2010b). The seismic energy density

(e) parameter is de�ned from an empirical relationship of magnitude and epicentral

distance (Equation 2.1).

Seismic energy density is de�ned as the maximum available seismic energy per unit

volume of rock during seismic shaking (Wang and Manga, 2010a). The seismic energy

density may be estimated from the particle velocity of the ground motion (Lay and

Wallace, 1995) and thus may be simpli�ed to e ∼ PGV2 (peak ground velocity; Wang,

2007), which has been shown to be consistent with �eld observations (Wang et al.,

2006). Considering PGV attenuation in southern California (Cua, 2004) and empirical

relations between earthquake energy and magnitude (Bath, 1966), Wang (2007) derived

a relation between seismic energy density (e, J/m3), earthquake magnitude (M) and

epicentral distance (r, km):

M = 2.7 + 0.69log(e) + 2.1log(r) (2.1)

Although the relationship was derived in southern California, the metric of seismic

energy density, earthquake magnitude and epicentral distance has been utilised for

many types of hydrological responses around the globe (Wang and Manga, 2010b). In

the absence of a comparable relationship for New Zealand and for comparison with

previous literature this relationship is used in Chapters 3 and 5.
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2.1 Mechanisms of hydrological responses to earthquakes

Figure 2.1: Earthquake magnitude as a function of distance from epicentre where
groundwater-level responses were observed, collated from New Zealand and interna-
tional case studies. New Zealand studies include: 2010 Dar�eld Mw 7.1 (Cox et al.,
2012); 2011 Christchurch Mw 6.2, 5.3, 6.0 (Gulley et al., 2013); and Cromwell Gorge
(O'Brien et al., 2016). International studies include: 1999 Chi-Chi Mw 7.3 and 2006
Hengchun Mw 7.0 (Chia et al., 2008); 2008 Wenchuan Mw 7.9 (Shi et al., 2013b, 2015a);
2011 Tohoku Mw 9.0 (Yan et al., 2014); 2013 Lushan Mw 6.6 (Shi et al., 2014). Also
included is a worldwide compilation of groundwater responses (Wang and Chia, 2008);
responses from the Devils Hole (Weingarten and Ge, 2014); seismic energy density con-
tours in J/m3 (Wang, 2007); and the hypocentral distance equal to one ruptured fault
length as a function of earthquake magnitude (Wells and Coppersmith, 1994). The one
ruptured fault length de�nes the boundary between the near-�eld and intermediate-
�eld. NB Christchurch has been shortened to ChCh in the key.

Earthquake-induced groundwater-level changes can be observed in both the co-

seismic and post-seismic domains. The capability of a site to record co-seismic and

post-seismic groundwater-level changes is determined by the temporal resolution of the

data collected by the instrument installed in the monitoring well. To record co-seismic

�uctuations, groundwater-levels generally need to be sampled at least every minute.

Furthermore, sampling must be continuous for an extended time period. The co-seismic

oscillations are directly forced by the dynamic shaking, and the post-seismic oscilla-

tions are considered directly free from forcing as they attenuate as a function of the

hydraulic properties and conditions of the surrounding aquifer (Cooper et al., 1965).
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The post-seismic free oscillations may persist for several minutes after the dynamic

shaking has ceased (e.g. Brodsky et al., 2003). The free oscillations may be captured

by 15 minute-sampled groundwater-level monitoring. The free oscillations of hydro-

seismograms can have an e�ect on the type of response observed at 15 minute intervals

(Figure 2.2). As a result of time-shifting the hydroseismogram in one minute intervals,

the re-sampled 15 minute response varies in the �rst 30 minutes after the earthquake,

with positive or negative spikes observed before re-equilibration. Positive and negative

spikes prior to re-equilibration have been identi�ed in previous studies (Cox et al.,

2012). The presence/absence of spikes and their polarity, may be partly a function of

sample �delity so care must be taken when interpreting changes immediately after, or

during earthquakes. However, the 15 minute sampling interval is adequate for longer-

term post-seismic responses as post-seismic water-level changes may still be detectable

several hours after an earthquake. Characterisation of post-seismic groundwater-level

changes varies between studies (e.g. Cox et al., 2012; Shi et al., 2015a), as responses

vary in time, polarity, and amplitude, and can be transient (eventually returning to

pre-earthquake levels) or sustained (Wang and Manga, 2010a).

Figure 2.2: Time-shifting and re-sampling of the hydroseismogram response observed
at Puriri Park, Whangarei, to the 2010 Mw 7.1 Dar�eld earthquake. The hydrological
response was �rst reported by Cox et al. (2012). The hydroseismogram is time-shifted
and re-sampled at 15 minute intervals, as outlined by the red line and sample points.
This diagram highlights the 15 minute sampling interval, most commonly adopted
by regional council groundwater monitoring in New Zealand, is limited in its ability
to characterise any co-seismic responses, but is quite adequate for longer-term, post-
seismic responses.

13



2.1 Mechanisms of hydrological responses to earthquakes

Figure 2.3: Examples of groundwater-level response type in monitoring wells. Figure
adapted from Cox et al. (2012).

The principle of poroelasticity (Biot, 1941) dictates that resultant stresses deform

porous solids and change �uid pressures. If gradients of �uid pressure (∆p) exist, there

will be Darcy �uid �ux q:

q = −k
µ

∆p (2.2)

where k is permeability (m2), and µ is �uid viscosity (Pas). The distance from the

earthquake largely determines the magnitude of the stress changes and the type of re-

sponse. When fault dislocation occurs, static and dynamic stresses are both applied to

the current stress state in the crust, both decaying at di�erent rates with distance from

the fault zone (Wang and Manga, 2010a). Step-like changes (Figure 2.3) commonly

occur in the near-�eld, with more gradual changes observed in the intermediate-�eld

and transient oscillations in the far-�eld (Roelo�s, 1998).

The following sections discuss the e�ect of static and dynamic stress changes on

groundwater-level changes (Figure 2.6), followed by hydrogeological factors. We con-

sider the mechanisms that may cause groundwater-level changes (Table 2.1).

14



Background and scienti�c approach

Table 2.1: Major mechanisms presented in the literature to explain earthquake-induced
groundwater-level changes.

Hydrogeological
factors

Earthquake
stress

Mechanism for
change

Prediction of groundwater-level
changes

Static Contraction strain
change

Step-like water-level increase with predictable
amplitude

Static Dilatation strain
change

Step-like water-level decrease with
predictable amplitude

Dynamic Shear-induced
consolidation

Step-like water-level increase (commonly >1
m amplitude)

A�ected by
degree of

con�nement,
rock type, �ow
properties and

well
susceptibility

Dynamic Shear-induced
dilatation

Step-like water-level decrease (commonly >1
m amplitude)

Dynamic Horizontal
permeability

enhancement (unclog
fractures/pathways)

Sustainted water-level change (increase or
decrease; commonly <1 m amplitude)

Dynamic Verical permeability
enhancement (unclog
fractures/pathways)

Convergence of water-levels in strati�ed
aquifers

Dynamic Poro-elastic
deformation

Transient water-level changes (increase
and/or decrease; hydroseismograms, <1 m

amplitude)

Static stress changes

Earthquake-induced static stress changes are permanent and decay rapidly with dis-

tance (r) at ∼1/r3, hence being most signi�cant in the near-�eld (Lay and Wallace,

1995; Manga and Wang, 2007). Static stress changes cause volumetric static strain

change, contraction and dilatation. The mean static stress change (σkk, GPa) can be

converted into volumetric strain change (εkk), using the Bulk modulus (K, GPa) of the

lithology:

εkk = σkk/K (2.3)

This is related to the pore-pressure change (p) in a monitored well (Roelo�s, 1996) by:

p = −2GB
(1 + vu)

1− 2vu
εkk (2.4)

where G is the shear modulus (GPa), B is the Skempton's coe�cent and vu is the

undrained poisson ratio. The spatial distribution of volumetric changes depends upon

the faulting style of the earthquake. Volumetric strain changes within aquifer systems

are thought to cause groundwater-level changes (Wakita, 1975; Quilty and Roelo�s,

1997; Jónsson et al., 2003; Akita and Matsumoto, 2004), with levels increasing in areas

of contraction, and decreasing in areas of dilatation. The amplitude of such changes is

predictable using poro-elastic theory (e.g. Roelo�s, 1996). It has been suggested that

monitoring wells that don't respond to earth tides are not likely to respond to coseis-

mic static strain (e.g. Quilty and Roelo�s, 1997). As static strain changes attenuate

rapidly with distance, groundwater-level changes in the intermediate- and far-�eld are
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2.1 Mechanisms of hydrological responses to earthquakes

commonly larger than model predictions (Figure 2.4, Shi and Wang, 2015; Wang and

Manga, 2010a), due to other factors.

Figure 2.4: Co-seismic water-level increases (black dots) and decreases (white dots)
observed following the 21st June 2000 M 6.5 earthquake in Iceland. Also included is
the predicted co-seismic pore-pressure change at 0.5 km depth (colour map). From
Jónsson et al. (2003)

Dynamic stress changes

Dynamic stress changes caused by the passage of seismic waves are short-lived, yet

decay with distance r at ∼ 1/r1.66 and occur from the near- to far-�eld. (Lay and

Wallace, 1995). Dynamic deformation depends on loading rates and cycles of forces

(Manga and Wang, 2007). Commonly, shaking does not impose clear permanent de-

formation, thus, transient stresses must induce changes in the subsurface that persist

after shaking has stopped (Manga et al., 2012).

Peak ground velocity (PGV) has been compared to groundwater-level changes (e.g.

Elkhoury et al., 2006; Shi et al., 2015a) and has been invoked as a proxy for dynamic

stress (Love, 1927; Elkhoury et al., 2006; Kano and Yanagidani, 2006). Peak dynamic

stress (σD, GPa) can be calculated (Jaeger and Cook, 1979) by:

σD ∼
µsPGV
Vs

(2.5)
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with shear modulus (µs, GPa), shear-wave velocity at the monitoring well (Vs, m/s) and

peak ground velocity (PGV, m/s). Peak dynamic stress has been used in permeability

enhancement experiments (e.g. Roberts, 2005; Elkhoury et al., 2011).

Earthquake-induced groundwater-level changes associated with dynamic stresses

are often attributed to changes in horizontal or vertical permeability (Wang and Manga,

2010a), which may be permanent (e.g. Rutter et al., 2016) or transient (e.g. Elkhoury

et al., 2006; Cox et al., 2015). Permeability reduction is mainly documented in the post-

earthquake environment, involving chemical processes such as fault healing (Gratier

and Gueydan, 2007; Aben et al., 2017), cementation (Dempsey et al., 2014) and clay

alteration (Menzies et al., 2016). Co-seismic reduction of permeability has been ob-

served in the �eld as a result of the clogging of fractures with colloids (Shi et al., 2018;

Yan et al., 2016) and can be associated with processes resulting from high levels of

shaking (Vucetic, 1994): shear-induced consolidation (Rutter et al., 2016; Wang et al.,

2001) and liquefaction (Wang, 2007).

Undrained dilatation and consolidation has been shown to be dominant in the near-

�eld (Wang and Manga, 2010a). Experimental engineering studies have subjected sed-

iments to cyclic shearing in a range of saturated conditions and con�ning pressures

(Seed and Lee, 1966; Ishihara, 1996; Hsu and Vucetic, 2004). If shear strains are signif-

icantly higher than 10−4, during earthquake-induced cyclic shearing, sediments begin

to dilate, increasing porosity and decreasing pore pressure (Luong, 1980). Considering

the high level of shaking required, groundwater level decreases associated with this

process must occur in sedimentary aquifer systems close to the fault rupture (Figure

2.5; Wang et al., 2001; Wang and Chia, 2008).

At lower shear strains, still higher than 10−4 (Dobry et al., 1982; Vucetic, 1994),

sediment consolidation within an aquifer decreases the porosity of the formation, result-

ing in groundwater-level increases (Wang et al., 2001). The threshold strain to induce

undrained consolidation is equivalent in the laboratory and the �eld (Hazirbaba and

Rathje, 2004). Therefore, it is reasonable to compare the laboratory based dissipated

energy with �eld-based seismic energy density. Seismic energy densities larger than

∼ 101J/m3 are above the threshold for undrained consolidation, with sensitive sites ex-

periencing consolidation above ∼ 10−1J/m3 (Wang and Manga, 2010a). Shear-induced

consolidation may also cause permeability reduction (Rutter et al., 2016) and liquefac-

tion (Wang, 2007). Abrupt water-level changes may result in areas of shear-induced

consolidation as pore pressures immediately change as a result of the undrained volu-

metric change (Wang and Manga, 2010a).

At lower thresholds of dynamic shaking, enhancement of horizontal permeability

may occur as a result of the dislodging of colloidal particles from preferential �ow

pathways (Matsumoto et al., 2003; Brodsky et al., 2003; Wang and Chia, 2008; Rutter

et al., 2016). Earthquake-induced groundwater �ow velocities associated with shear and

love waves may be su�cient to dislodge colloidal aggregates and enhance permeability
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2.1 Mechanisms of hydrological responses to earthquakes

Figure 2.5: Groundwater-level changes to large magnitude earthquakes as a function
of epicentral distance. The downward arrows shows where nine wells had a sudden
decrease in water-level, in proximity (<10 km) to the surface rupture. The upward
arrow shows the limit of the near-�eld. Water-level changes to the (a - Top) Chi-Chi
1999 Mw 7.5 earthquake, and the (b - Bottom) Taiwan 2006 Mw 7 earthquake. Note the
scales of water-level changes are signi�cantly di�erent. From Wang and Chia (2008).

(Wang et al., 2009). Laboratory experiments on pore unclogging (Liu and Manga,

2009; Elkhoury et al., 2011) and observations of groundwater colour change (Prior and

Lohmann, 2003) support dislodgement of colloidal particles.

Horizontal permeability enhancements could occur up or down hydraulic head gra-

dient of a borehole, resulting in an increase or a decrease in the water-level. Therefore,

horizontal permeability enhancement by dislodging of colloidal particles predicts a

random distribution of response polarity (Figure 2.5, Wang and Chia, 2008). Grad-

ual sustained water-level changes may result from dislodging colloidal particles, as the

groundwater-level change re-equilibration time to the new post-earthquake level de-

pends on the distance between the monitoring well and the source of the blockage

(Roelo�s, 1998; Brodsky et al., 2003). Dislodgment of colloids may also occur within

aquitards, re-distributing pore pressures and causing convergence of water-levels in

strati�ed aquifers (Wang, 2007; Dudley Ward, 2015; Wang et al., 2016). For the

Hengchun and Chi-Chi earthquakes the transition from consolidation to colloidal dis-

lodgement was inferred at ∼ 101J/m3 (Wang and Chia, 2008).
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Figure 2.6: Flow chart of the relationship between earthquakes and hydrogeological
responses. The �ow chart is based on Manga and Wang (2007) and illustrations by
David Mays.

The formation of sub-vertical fractures by dynamic shaking may also hydrologically

connect strati�ed aquifers. Increased vertical permeability may permit rapid downward

�ow of water in topographic highs (Wang et al., 2004b) and release artesian pressure

in con�ned aquifers into overlying uncon�ned aquifers (Wang, 2007; Cox et al., 2012;

Liao et al., 2015; Wang et al., 2016).

Dynamic shaking can also cause poro-elastic deformation which causes groundwater

level oscillations (termed hydroseismograms; Stearns, 1928). The motion induced by

seismic waves causes aquifer pore space to dilate and compress, which translates to

pore pressure oscillations. These aquifer pressure oscillations may induce �uid �ow

into and out of the well causing the oscillations observed. Hydroseismograms correlate

with a suite of analytical solutions based upon well geometry, groundwater �ow, and

aquifer properties (Blanchard and Byerly, 1935; Bodvarsson, 1970; Cooper et al., 1965;

Liu et al., 1989). Under open well conditions, wellbore storage e�ects cause a phase

delay and reduction in sensitivity, resulting in the observation of Rayleigh waves in

the well water-level (Blanchard and Byerly, 1935; Cooper et al., 1965; Ohno et al.,

1997; Brodsky et al., 2003). In artesian wells, shear waves have been observed in

hydroseismograms (Brodsky et al., 2003; Kano and Yanagidani, 2006). In anisotropic

poroelastic media, it is expected that these shear waves generate volumetric strains

(Wang, 2000; Kano and Yanagidani, 2006).

Hydrogeological factors

Although earthquake-induced stresses play a crucial role in causing groundwater-level

changes, some monitoring wells have larger amplitude responses than others for similar

static or dynamic stress changes. The architecture of hydrogeological settings and
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2.1 Mechanisms of hydrological responses to earthquakes

their recharge and discharge processes may play a role in groundwater-level changes,

especially with variations in seasonality (Yan et al., 2014).

Darcy �uid �ux occurs when �uid pressure gradients (∆p) are induced by stresses

deforming porous solids and changes in �uid pressures (Equation 2.2). Therefore, it is

not surprising that the occurrence, polarity and/or amplitude of water-level changes

are a function of �ow properties (Faoro et al., 2012). For a monitoring well water-level

to re�ect the piezometric surface in the aquifer that it is screened in; the monitoring

well and aquifer must be coupled (Doan and Brodsky, 2006). Considering pore pressure

�uctuations induced by earthquakes are generally fast, high permeability is required

for observable changes at wells to occur. If permeabilities are small, the monitoring

well and aquifer are uncoupled and well water-levels may not respond to earthquakes.

Matrix- and fracture-dominated �ows may also play a role in the occurrence and char-

acteristics of groundwater-level changes.

Earthquake-induced groundwater-level changes have been observed to be more pro-

nounced in deeper con�ned aquifers compared to shallow uncon�ned aquifers (Stearns,

1928; Eaton and Takasaki, 1959; Roelo�s, 1996; Gulley et al., 2013; Rutter et al., 2016).

This may be a result of the speci�c yield of uncon�ned aquifers being higher than

the storativity of con�ned aquifers (Freeze and Cherry, 1979). Water-level changes

in uncon�ned aquifers represent the (de)watering of pore spaces above/below the

water-table, which forms the aquifers upper boundary. In con�ned aquifers, assuming

undrained conditions (Kano and Yanagidani, 2006), changes in pore pressure (p, GPa)

are determined by the mean stress (σkk, GPa), and rock compressibilitiy (Skempton's

coe�cient, B; Roelo�s, 1996; Wang, 2000), where:

p = −Bσkk/3 (2.6)

At shear strains > 10−4 or 10−3, consolidated and unconsolidated media show per-

manent deformation, with failure occurring at shear strains on the order of 10−2. The

deformation characteristics depend on the consolidation state of the rock. For uncon-

solidated deposits, shear deformation causes grains to move into pre-existing pores,

reducing porosity and deposit volume. Shear deformation of consolidated deposits will

create new porosity and increase the volume of the deposits (Manga and Wang, 2007).

Seismic waves attenuate and �lter di�erently through di�erent rock types with

di�erent e�ciencies of dynamic shaking (Wang, 2007; Wang and Manga, 2010a). Con-

solidated/crystalline deposits amplify high frequency shaking more than low frequency

shaking (Bradley, 2013). In contrast, unconsolidated deposits damp high frequency mo-

tions, while amplifying low frequencies (Popescu, 2002; Wong and Wang, 2007; Youd

and Carter, 2005). Hydrogeological sites in crystalline or well consolidated rocks have

responded to teleseismic earthquakes (motion caused by earthquakes at epicentral dis-

tances exceeding 1000 km; Brodsky et al., 2003; Shi and Wang, 2014; Weingarten and

20



Background and scienti�c approach

Ge, 2014; Zhang et al., 2015). At these distances, static and dynamic stress changes are

insigni�cant, therefore, rock type must partly control the occurrence and/or character-

istics of groundwater-level changes. Furthermore, rocks that are weakened and/or dam-

aged by discontinuous tectonic deformation may also be sensitive to seismic-induced

groundwater-level changes (King et al., 1999; Shi et al., 2015a).

Although most studies focus on monitoring wells that have earthquake-induced

groundwater-level changes, there are a signi�cant number of wells that experience sim-

ilar levels of shaking that do not exhibit any observable water-level change. This

demonstrates that hydrogeological factors do contribute to a monitoring wells suscep-

tibility to respond. As well as considering hydrogeological factors independently, it

must be acknowledged that the spatial distribution of �uids and degree of saturation

within the crust a�ect the velocity and attenuation of seismic waves (Li et al., 2001).

Therefore, there is an underlying coupling between seismic and hydrogeological factors.

Crustal stress state

The tectonic stress �eld can be in�uenced by earthquake-induced stress changes (e.g.

Grapes, 1988; Stein et al., 1997; Freed, 2005; Cox et al., 2015) and crustal �uids (e.g.

Townend and Zoback, 2000; Zoback and Townend, 2001; Zoback, 2010). The critically

stressed crust can be subject to failure by �uid injection (e.g. Walsh and Zoback, 2015;

Ellsworth, 2013; Weingarten et al., 2015), reservoir impoundment (e.g. Roelo�s, 1996)

and other earthquakes (e.g. Stein et al., 1997). Pre-existing faults may be subject

to failure, often as a result of small increases in pore pressure (Zoback and Gorelick,

2012). Furthermore, seismically induced transient stresses have the potential to in-

teract with �uids and dynamically trigger seismicity at far-�eld distances (Cox et al.,

2015). Triggered seismicity in-turn can induce groundwater (Wang et al., 2017) and

surface water responses (Manga et al., 2016). Repeated accumulation and release of

tectonic stresses may weaken and damage rocks that make up bulk aquifer material (e.g.

Zhang et al., 2003), possibly resulting in larger co-seismic groundwater-level changes

Shi et al. (2015a). Therefore, the crustal stress state should be considered when trying

to understand the factors that may in�uence groundwater-level changes.

2.2 New Zealand geological setting

Tectonics

Paleozoic (Western Province) and Mesozoic terrane accretion (Eastern Province); and

plutonism on the margin of Gondwana formed New Zealand's basement rocks (Landis

and Coombs, 1967; Coombs et al., 1976). Subsequently, the cover sequences formed

by late-Cretaceous Gondwana rifting and break-up, followed by Eocene-Quaternary
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Figure 2.7: Schematic crustal cross-section across New Zealand showing the crustal
basement (Austral Superprovince) and the late-Cretaceous-Holocene Zealandia cover
(Zealandia Megasequence). From Mortimer et al. (2014).

evolution of the still-active plate boundary (Cox and Sutherland, 2007). The basement

rocks are collectively termed the Austral Superprovince, and the Cretaceous-Holocene

Zealandia cover is termed the Zealandia Megasequence (Figure 2.7; Mortimer et al.,

2014)

Presently, oblique-convergent collision between the Australia and Paci�c plates in

southwest New Zealand occurs at ∼38 mm/year (DeMets et al., 2010) and earthquakes

occur throughout the country along the plate boundary zone. In the central South

Island, the majority of late Quaternary plate motion has been accommodated by slip

on the Alpine Fault (Norris and Cooper, 2001). In the northern South Island, the Alpine

Fault transitions into four major active strike slip faults, known as the Marlborough

Fault System, that accommodates 80 to 100% of plate motion in the region (Holt and

Haines, 1995). Northern progressive slip partitioning transfers kinematic motion to

the Hikurangi Trough (Little and Jones, 1998), resulting in oblique subduction and the

proli�c arc of the Taupo Volcanic Zone (Rowland and Simmons, 2012). The Alpine

Fault and Marlborough Fault System connect two subduction zones of opposite dip:

the Puysegur trench to the South; and the Hikurangi trough to the North (Berryman

et al., 1992).

The National Seismic Hazard Model (NSHM) for New Zealand provides a prob-

abilistic estimate of the strength of earthquake shaking over a speci�c time period

(Stirling et al., 2012). The NSHM utilises New Zealand's active fault database (Litch-

�eld et al., 2014), a ∼180 year (1840-2018) historical earthquake catalogue, and Ground
Motion Prediction Equations (e.g. McVerry et al., 2006) to estimate the hazard across

a spectrum of site conditions (Destegul et al., 2008). The NSHM can be used to pro-

duce a range of metrics. With each earthquake forecast, the Modi�ed Mercalli (MM)

intensity can be predicted by the intensity prediction equation of Dowrick and Rhoades
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(2005).

Seismic hazard models have been formulated following the recovery of major earth-

quakes, notably the Canterbury Time-dependent Seismic Hazard Model (Gerstenberger

et al., 2014). Ground motion prediction modelling has also been accomplished for spe-

ci�c large magnitude earthquakes such as Alpine Fault ruptures (Holden and Zhao,

2011; Bradley et al., 2017a), and earthquakes in the Wellington region (Benites and

Olsen, 2005; Holden et al., 2013b). Site factors are important to consider with hazard

modelling as they in�uence the spatial variation in seismic ground motions, by causing

(de)ampli�cation of ground motions. To account for local site conditions in seismic

shaking estimates, ampli�cation factors (Borcherdt, 1994) can be applied to the Site

Class Maps of New Zealand (Destegul et al., 2008). Furthermore, ground motion mod-

elling of local site e�ects (e.g. Kaiser et al., 2012b) elucidates site behaviour in large

earthquakes. On the basis of these model predictions, collaborative susceptibility as-

sessments of water supply infrastructure to earthquake-induced shaking could inform

practitioners in decision-making processes for investment to mitigate risk to, and to

increase the resilience of, water supply infrastructure.

Figure 2.8: Geological map of New Zealand. (a - Left) Map showing all onshore faults
(Langridge et al., 2016). (b - Right) Map showing the geology of New Zealand (Heron,
2014).
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Hydrogeology

There are a wide variety of compositionally diverse aquifers in New Zealand, formed

in a range of depositional environments, primarily in the Tertiary and Quaternary

periods. Sedimentary aquifers were formed from terrestrial (e.g. glacial, aeolian),

shallow- (e.g. deltaic, carbonate) and deep-marine sedimentary deposits, with mixed

clast compositions that re�ect the varied source rock geology (White, 2001). There are

also volcanic aquifers of ignimbrite and scoriaceous deposits formed in the central North

Island caldera eruptions and basalt �ows in the Taupo Volcanic Zone respectively.

Groundwater is also stored in fractured Mesozoic-Cretaceous metamorphic bedrock

that forms mountain ranges in both the North and South Islands, but is seldom utilised

for water supplies due to the low permeability and yield of the bedrock (White, 2001).

2.3 Previous earthquake hydrology research in

New Zealand

There are few previous studies of earthquake hydrological responses in New Zealand.

The �rst scienti�c publication in New Zealand discussing earthquake-induced hydro-

logical changes was by Brown and Weeber (1992), on the response of the Canterbury

Plains aquifer system to the 1989 Mw 8.2 Macquarie Ridge earthquake. Brown and

Weeber (1992) mapped liquefaction susceptibility as a function of sediment/soil type

distribution and soil strength.

2010−2011 Canterbury earthquake sequence

The �rst nation-wide collation of groundwater responses to a local seismic event was

by Cox et al. (2012) for the Dar�eld 2010 Mw 7.1 earthquake (Figure 2.9). Liquefac-

tion caused by the Dar�eld earthquake (e.g. Allen et al., 2010) and Christchurch Mw

6.2 aftershock on 22 February 2011 (e.g. Cubrinovski et al., 2011) were examined and

compared (Orense et al., 2011). The characteristics of recurrent liquefaction from sev-

eral earthquakes within the Canterbury earthquake sequence have also been evaluated

(Quigley et al., 2013).
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Figure 2.9: New Zealand-wide groundwater-level changes induced by the 2010 Dar�eld
Mw 7.1 earthquake with an isoseismal map of shaking intensity. (a - Left) Spatial
distribution of di�erent response types outlined in Figure 2.3. (b - Right) Spatial
distribution of overall water-level change. From Cox et al. (2012).

Rutter et al. (2016) was the �rst international study to repeat aquifer tests pre-

and post-earthquake. The longer-term groundwater response to the 2010 Dar�eld Mw

7.1 earthquake was assessed with step-drawdown tests within 15 km of the Green-

dale Fault (Figure 2.10). A reduction in transmissivity and an increase in well losses

was observed, thought to result from sediment incursions into high-permeability open

framework gravel lenses that accommodate the majority of groundwater �ow. To fur-

ther understand earthquake-induced aquifer change, this thesis uses tidal analysis to

calculate pre- and post-earthquake aquifer properties on a continuous basis and assesses

the extent to which dynamic stress changes contribute to aquifer changes.

Gulley et al. (2013) quanti�ed groundwater-level responses to the Mw 6.2 earth-

quake of 22 February 2011, and the Mw 6.0 and Mw 5.6 aftershocks of 13 June 2011,

showing that groundwater-level consistently dropped in deeper wells and rose in shal-

low wells. They interpreted this to be resulting from the vertical movement of water

from con�ned to uncon�ned aquifers through the breaching of aquitards. Numerical

modelling supports this hypothesis (Dudley Ward, 2015).
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Figure 2.10: Step-drawdown tests on monitoring wells in the Canterbury plains before
(blue) and after (red and green) the Dar�eld earthquake. Monitoring wells are within
15 km of the Greendale Fault. From Rutter et al. (2016).

Multi-earthquake studies

In a separate study, the temperature and �uid chemistry of the Copland hot spring in

the Southern Alps was monitored over several large magnitude earthquakes, including

the 2009 Mw 7.8 Dusky Sound and Mw 7.1 Dar�eld earthquakes (Cox et al., 2015).

Observed temperature and �uid chemistry responses were inferred to re�ect subtle

changes in the fracture permeability of the schist rock adjacent to Copland hot spring.

Fracture generation or opening potentially enabled cool near-surface meteoric water to

mix with warmer upwelling water. The dynamic stress associated with the passage of

seismic waves through the mountains released a component of stored tectonic strain.

Cox et al. (2015) highlights the potential role of triggered changes in local rock stress

state in causing permeability change and that local hydrogeogical factors in an active

tectonic setting are potentially important. This forms the basis for focussing on the

extent to which hydrogeological factors contribute to groundwater-level changes in this

thesis.
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Figure 2.11: Examples of hydrological data from Cromwell Gorge. (a - Top) Rainfall, (b
- Middle top) Groundwater-level data and 12 earthquakes studied, (c - Middle) Tunnel
V notch weir �ow rates, (d - Bottom left) Groundwater-level data from two wells in the
same landslide that mirror each other, (e and f - Bottom right) Periodograms of tidal
oscillations with (e) groundwater level and (f) discharge data. From O'Brien et al.
(2016).

In a separate investigation by O'Brien et al. (2016), geoengineered groundwater

systems within schist landslides in Cromwell Gorge were observed to have responded to

11 Mw 6.2 or larger earthquakes from 1990 to 2013, at a variety of epicentral distances.

The groundwater-level changes were systematic in terms of duration, polarity and

amplitude for the earthquakes studied. A damped harmonic oscillator was implemented

to characterise the ability of the aquifer system to resist and recover from hydrological

change. By normalising site responses this paper was able to highlight the role di�erent

types of earthquake shaking have on the scale and duration of hydrological changes.

O'Brien et al. (2016) was an early attempt at a multi-site multi-earthquake catalogue

in which they normalised site responses in order to see e�ects of site shaking spectra.

However, this was a local geoengineered situation and it remains unclear how well these

lessons can be applied regionally/internationally, thus leading to the building of the

largest New Zealand-wide catalogue in this thesis.
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2.4 Data sources

To address the research questions of this thesis, the groundwater-level responses to 11

Mw 5.4 or larger earthquakes that occurred between 2008 and 2017 in New Zealand

have been examined (Table 2.2). These earthquakes were selected as they provided

a mix of near-�eld and intermediate-�eld responses across the New Zealand ground-

water monitoring network, in order to assess the seismic and hydrogeological controls.

Lower-magnitude earthquakes were included to catalogue the occurrence and absence

of responses.

The earthquakes selected for analysis have predominantly caused the greatest in-

tensity of shaking to the New Zealand landmass over a period of a decade (2008 to

2018). As characterising hydrological responses is time-intensive, not all signi�cant

large earthquakes were used. The following earthquakes could be used to make a more

complete onshore decadal catalogue: 2015 Mw 6 Arthur's Pass earthquake; 2015 Mw

6.2 St Arnaud earthquake; 2015 Mw 5.8 Wanaka earthquake; 2016 Mw 5.7 Valentine's

day earthquake; and the 2016 Mw 7.1 East Cape earthquake.

Table 2.2: Table of the 11 earthquakes studied in this thesis. See Figure 2.12 for the
focal mechanisms of these event. Note that the time format is in dd/mm/yy HH:MM
in New Zealand Standard Time. The datasets that each earthquake are in are included.
Chap. = Thesis chapter containing results.

Earthquake
location

Epicentre
latitude,
longitude

Time and date Mw Depth
(km)

Chap.

Hastings −39.72, 176.85 25/08/08 23:25 5.4 32 3,4
Dusky Sound −45.77, 166.59 15/07/09 21:22 7.8 12 3,4

Dar�eld −43.53, 172.17 4/09/10 4:35 7.1 11 3,4
Christchurch −43.58, 172.68 22/02/11 11:51 6.2 5 3,4
Christchurch −43.57, 172.74 13/06/11 14:12 6.0 7 3,4
Christchurch −43.52, 172.75 23/12/11 15:18 5.9 7 3,4
Opunake −40.05, 173.76 3/07/12 22:36 6.2 241 3,4
Seddon −41.60, 174.32 21/07/13 17:08 6.6 16 3,4

Grassmere −41.73, 174.15 16/08/13 14:31 6.6 8 3,4
Eketahuna −40.62, 175.86 20/01/14 14:52 6.3 34 3,4
Kaik	oura −42.69, 173.02 13/11/16 23:02 7.8 15 2,4

Although aftershocks of some of the large-magnitude earthquakes were themselves

quite large (Mw>5.4), aquifer systems were commonly still re-equilibrating to the main

shock weeks after the event. Therefore, aftershock sequences were ignored and re-

sponses were presumed to be solely attributed to the main shock. Numerous o�-

shore large magnitude earthquakes occurred in the Puysegur, Hikurangi and Kermadec

trenches between 2008 and 2018, far from the groundwater monitoring networks. These
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earthquakes were not considered in this thesis, although they may have caused aquifer

changes. In future work an o�shore decadal catalogue should be collated comprising

these earthquakes.

GeoNet operates and maintains continuously recording seismographs and strong

motion instruments. Seismograms were compiled from all over New Zealand that

recorded the earthquakes, from 306 strong motion and broadband seismic stations.

The hydrological monitoring infrastructure in New Zealand is both dense and

widespread. The monitoring infrastructure is not evenly distributed spatially, as the

majority of groundwater tends to be monitored and extracted from the most perme-

able aquifers, commonly gravel and sandstone aquifers. However, monitoring wells

are also screened in a range of other rock types including basalt, volcanics, schist and

cataclasite. Groundwater-levels are recorded by vented/non-vented piezometers, �oat-

activated recorders in the monitoring wells at intervals ranging from four seconds to

three months, with 15 minutes being the most common sampling frequency. Equipment

used vary between regional councils, however, the resolution of the sampling measure-

ments is typically on the order of ± 3mm. Water-levels are also manually checked

quarterly by regional councils to correct for drift, o�set and slippage of the suspension

system. Considering the scale of changes measured after earthquakes, the sampling

resolution is su�cient.

Groundwater level data between 2008 and 2017 were obtained from regional coun-

cils who manage and maintain networks of monitoring wells. A total of 495 monitoring

well water-level time-series were gathered. New Zealand-wide climate data from 2008

to 2017 was collected from the National Institute for Water and Atmospheric Research

(https://cli�o.niwa.co.nz), who manage 65+ climate stations. Sea-level data was col-

lected from Land Information New Zealand (https://www.linz.govt.nz) who oversee 15

tidal gauges around the New Zealand coastline (Figure 2.13).
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Figure 2.12: Spatial distribution of the 11 earthquakes that predominantly caused the
greatest intensity of shaking to the New Zealand landmass over a period of a decade
(2008 to 2018), that have been studied in this thesis. (a - Centre left) New Zealand-
wide earthquakes. (b - Bottom right) Expanded view of the Christchurch region and
the four major events in 2010 and 2011 of the Canterbury earthquake sequence, plotted
at the same scale.
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Figure 2.13: Spatial distribution of the seismic and hydrological datasets used in this
thesis. (a - Top left) Seismic stations (strong motion accelerometers and broadband
seismometers) that recorded the earthquakes, (b - Top right) New Zealand-wide hydro-
logical sites, (c - Bottom left) Seismic and hydrological sites in central New Zealand,
(d - Bottom right) Seismic and hydrological sites in Canterbury, New Zealand.
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2.5 Scienti�c approach

Earthquake hydrology can be studied using a variety of approaches, such as with �eld

observations, laboratory tests and numerical modelling. Field observations are funda-

mental to understand the governing mechanisms and have been analysed in two ways:

the e�ect of a singular earthquakes on several sites (e.g. Cox et al., 2012) or the in-

�uence of several earthquakes on one site (e.g. Lee et al., 2012; Weingarten and Ge,

2014, Figure 2.14). In recent years, the e�ect of multiple earthquakes on a hydrological

network have been studied in New Zealand (e.g. O'Brien et al., 2016) and overseas

(e.g. Shi et al., 2015b). Laboratory simulations provide an opportunity to study hy-

drological responses in a controlled environment. Investigations have studied the e�ect

of varying frequencies and amplitudes of transient stresses on rock permeability (e.g.

Roberts, 2005; Manga et al., 2012; Elkhoury et al., 2011). Numerical modelling has

further facilitated the study of earthquake-induced hydrological changes (e.g. Elkhoury

et al., 2006; Dudley Ward, 2015; Nespoli et al., 2016).

Table 2.3: Table comparing datasets of international studies, speci�cally with respect
to number of earthquakes, wells, lithologies and distance from epicentre

Study No of
earthquakes

No. of
wells

Lithology Near-/Intermediate-/Far-
�eld

Chapter 3 1 433 Varied Near, Intermediate
Chapter 4 9 161 Unconsolidated Near, Intermediate
Chapter 5 11 495 Varied Near, Intermediate

Cox et al. (2012) 1 171 Varied Near, Intermediate
Gulley et al. (2013) 4 161 Unconsolidated Near
Cox et al. (2015) 3 1 Schist Intermediate

Rutter et al. (2016) 1 84 Unconsolidated Near
O'Brien et al. (2016) 11 22 Schist Intermediate

Roelo�s (1998) 8 1 Unconsolidated Intermediate
Matsumoto et al. (2003) 28 1 Sandstone Intermediate , Far
Wang and Chia (2008) 1 247 Unconsolidated Near, Intermediate
Chia et al. (2008) 1 209 Unconsolidated Near, Intermediate
Shi et al. (2013b) 1 17 - Intermediate
Yan et al. (2014) 1 216 Varied Intermediate, Far

Weingarten and Ge (2014) 219 1 Carbonate Far
Shi and Wang (2014) 13 1 Limestone Intermediate, Far
Shi et al. (2014) 2 12 Varied Intermediate
Shi et al. (2015a) 1 197 Varied Near, Intermediate, Far
Shi et al. (2015b) 4 245 Varied Intermediate, Far

Shi and Wang (2015) 1 3 Unconsolidated Intermediate
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Figure 2.14: Schematic comparison of datasets between international studies. Previous
studies commonly have investigated the e�ect of a singular earthquake on multiple
sites, or the e�ect of multiple earthquakes on a single site. Chapter 3 is a singular
earthquake study with a internationally signi�cant number of responses analysed in
the near- and intermediate-�eld. Chapter 4 is a multi-site multi-earthquake study
in gravel aquifers assessing water-level and tidal behaviour changes. Chapter 5 is
an internationally sign�cant contribution investigating regional-scale multi-site multi-
earthquake responses.

The key di�erence and contribution of this thesis is that it is a regional-scale multi-

site multi-earthquake study (Table 2.3), that includes the occurrence and absence of

responses, over a decade of seismic shaking. The advantage of this approach is that

responses can be examined in a range of aquifers, rock types and hydrogeological set-

tings. Furthermore, responses can be recorded in the near- and intermediate-�eld at

the same site, induced by a range of shaking intensities. As a result, site e�ects and

shaking characteristics can be normalised/calibrated. This then enables the precise

identi�cation of responses and mechanisms that are anomalous or merely local aberra-

tions, from those that underpin region-wide processes and are likely to be applicable

and signi�cant internationally.
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3 Seismological and hydrogeological controls

on New Zealand-wide groundwater-level

changes induced by the 2016 Mw 7.8

Kaik	oura earthquake

3.1 Abstract

The 2016 Mw 7.8 Kaik	oura earthquake induced groundwater-level changes throughout

New Zealand. Water-level changes were recorded at 433 sites in compositionally di-

verse, young shallow aquifers, at distances of between 4 and 850 km from the earthquake

epicentre. Water-level changes are inconsistent with static stress changes, but do cor-

relate with peak ground acceleration (PGA). At PGAs exceeding ∼2 m/s2, water-level
changes were predominantly persistent increases. At lower PGAs, there were approxi-

mately equal numbers of persistent water-level increases and decreases. Shear-induced

consolidation is interpreted to be the predominant mechanism causing groundwater

changes at accelerations exceeding ∼2 m/s2, whereas permeability enhancement is in-

terpreted to predominate at lower levels of ground acceleration. Water-level changes

occur more frequently north of the epicentre, as a result of the fault rupture prop-

agating northward and northward directivity. Local hydrogeological conditions also

contributed to the observed responses, with larger water-level changes occurring in

deeper wells and in well-consolidated rocks at equivalent PGA levels.

This chapter has been submitted as a research manuscript for consideration in the international
journal Geo�uids (May 2018). Co-authors contributed to the making of this manuscript. S. C. Cox and
J. Townend provided conceptual discussion, research design, reviewed the manuscript and obtained
funding. H. Rutter assisted with collecting data and reviewing the manuscript. I. Hamling calculated
static stress changes and reviewed the manuscript. C. Holden reviewed seismic calculations and the
manuscript.
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3.2 Introduction

Central New Zealand has experienced several moment magnitude (Mw) 7 or larger

earthquake ruptures in the last 200 years, the largest of which were the 1848 Mw

7.4−7.7 Awatere earthquake (Grapes et al., 1998; Mason and Little, 2006), the 1855 Mw

8.1+ Wairarapa earthquake (Rodgers and Little, 2006), and the 1888 Mw 7−7.3 Hope
earthquake (Cowan, 1991). The most recent Mw 7+ event in the region was the Mw

7.8 Kaik	oura earthquake, which occurred on the 14th November 2016 at 00:02:56 (New

Zealand Daylight Time, NZDT). The earthquake was the largest in almost a decade

of seismic disruption in New Zealand (Kaiser et al., 2017), following four decades of

relative quiescence (Downes and Dowrick, 2015; Nicol et al., 2016). The Kaik	oura

earthquake followed the 2010-2011 Canterbury earthquake sequence, which included

the devastating Mw 6.2 aftershock of 22 February 2011 (Gledhill et al., 2011; Kaiser

et al., 2012a), and the Cook Strait earthquakes of 2013 (Holden et al., 2013a; Hamling

et al., 2014).

The Kaik	oura earthquake initiated in the Waiau Plains in northern Canterbury,

New Zealand, on an oblique thrust at a depth of ∼15 km. It propagated upwards

and northwards, forming a complex rupture along a ∼180 km zone that involved at

least 21 faults (Langridge et al., 2016; Holden et al., 2017), producing widespread

shaking reaching maximum Modi�ed Mercalli Intensity of IX. The maximum horizontal

surface displacement was c. 10 m in a dextral sense (Stirling et al., 2017; Hamling

et al., 2017) and vertical displacements were highly variable, causing widespread coastal

uplift/subsidence between +6.5 and −2.5 m (Clark et al., 2017). The rupture took over

two minutes (Kaiser et al., 2017), and ground acceleration exceeded ∼1 g in the near-

source region (Bradley et al., 2017b).

Earthquakes are speculated to induce groundwater-level changes with varying am-

plitude, duration, and polarity of response (e.g. Esposito et al., 2009; Petitta et al.,

2018; Tranfaglia et al., 2011). Earthquake-induced static and dynamic stresses (e.g. Ki-

noshita et al., 2015), and local hydrogeological factors (Besedina et al., 2017) in�uence

groundwater-level responses. In this �rst report on the Kaik	oura earthquake's hydro-

geological e�ects, we document an extensive data-set of groundwater-level responses in

order to assess the level to which earthquake-driven and local hydrogeological factors

contributed to the national-scale groundwater level response. This earthquake hydrol-

ogy data-set is the most extensive compiled in New Zealand, surpassing that compiled

by Cox et al. (2012) following the Mw 7.1 Dar�eld (Canterbury) earthquake, and is of

comparable size to data-sets compiled following the 1999 Mw 7.5 Chi-Chi earthquake

in Taiwan (Wang et al., 2004a; Wong and Wang, 2007). In comparison to other case

studies, the Kaik	oura earthquake data-set is also signi�cant as it includes groundwater

level responses collated from a variety of hydrogeological settings.
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3.3 New Zealand hydrogeology

There are a wide variety of compositionally diverse aquifers in New Zealand that were

formed in a range of depositional environments, mainly during the Tertiary and Qua-

ternary geological periods. Sedimentary aquifers were formed from terrestrial (e.g.

glacial, aeolian), shallow (e.g. deltaic, carbonate) and deep marine sedimentary de-

posits, with mixed clast composition re�ecting the varied source rock geology (White,

2001). Transgression/regression sequences created overlaps of terrestrial and marine

deposits in coastal areas (Taylor et al., 1989), resulting in large variations in vertical

and horizontal permeability and storage capacity (Bal, 1996). There are also volcanic

aquifers of ignimbrite and scoriaceous deposits formed in the central North Island from

Taupo Volcanic Zone caldera eruptions and basalt �ows respectively. Groundwater is

also stored in Mesozoic-Cretaceous metamorphic bedrock that forms mountain ranges

in both North and South Islands, but is seldom utilised for water supplies due to the

low permeability and yield of the bedrock (White, 2001).

3.4 Hydrological and seismic data

The hydrological monitoring infrastructure in New Zealand is extensive due to the coun-

try's heavy reliance on groundwater for agriculture (White, 2001). Regional councils

manage and maintain networks of boreholes instrumented by data loggers and pressure

sensors that measure groundwater levels, representing piezometric levels. The moni-

toring infrastructure is not evenly distributed as groundwater tends to be extracted

from the most permeable areas, predominantly gravel aquifers, and pumping test data

are not readily available. Where repeated pumping test data are available, the inferred

transmissivities are ambiguous (Rutter et al., 2016), highly variable (Dann et al., 2008)

and catchment dependent (Pedretti et al., 2016).

We collected groundwater level time-series data spanning the Kaik	oura earthquake

from 433 open or closed monitoring wells distributed throughout New Zealand (Figure

3.1). Groundwater levels are sampled at intervals ranging from one minute to three

hours, with 15 minutes being the most common. The majority of wells are less than

100 m deep, which are shallow in comparison with those considered in international

studies (e.g. Kitagawa et al., 2006; Shi et al., 2014). Screens typically range from 1 to

10 m in length, and well diameters generally vary from 50 to 300 mm, but overall the

construction method and well-completion does not vary appreciably across the regions,

resulting in similar style of earthquake-induced responses. The aquifers mostly occur in

young sedimentary deposits that have varying levels of consolidation, with few aquifers

in igneous or metamorphic rocks. A notable exception are the geoengineered schist

landslides in Cromwell Gorge (O'Brien et al., 2016), which have fracture permeability
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and water tables that have been displaced from their natural condition by drainage

tunnels. In contrast to these examples from New Zealand, many international studies of

earthquake hydrology provide datasets on aquifers in well-consolidated and crystalline

rocks (e.g. Elkhoury et al., 2006; Shi and Wang, 2014; Shi et al., 2015a).

We gathered rainfall and atmospheric pressure data from 65 climate stations, which

are managed and maintained by the National Institute for Water and Atmospheric

Research. Barometric corrections were applied where necessary using data from the

nearest climate station, leaving monitoring well water-level data relative to water-

level only. Rainfall data were qualitatively compared to groundwater-level data before,

during, and after the Kaik	oura earthquake, to assess any e�ect on observed water-level

changes.

Earthquake-induced water level changes can be split into co-seismic and post-

seismic components relative to the period of shaking at the monitoring site. The

primary responses observed in this study were post-seismic, as most of the records

were collected at 15 minute intervals, the �rst occurring after the shaking had stopped.

Water-level changes were classi�ed as either having no response, responding transiently

and returning to pre-earthquake levels within two hours, or responding persistently

(increasing or decreasing) and re-equilibrating at a new post-earthquake level lasting

several days or longer (Figure 3.2). For each water-level change, the polarity, am-

plitude, and duration until re-equilibrated or returned to pre-earthquake levels were

recorded. The amplitude of persistent water-level changes was estimated from the

di�erence between the re-equilibrated and pre-earthquake groundwater level. Water-

level time-series were removed from the analysis in cases in which earthquake-induced

damage to the well compromised or prevented the recording of water-level.

The following general terms have been adopted for monitoring wells with respect to

earthquakes (Wang and Manga, 2010a): �near-�eld� denotes wells within one rupture

fault length and �intermediate-�eld� represents wells from one to ten rupture fault

lengths away. Considering the Kaik	oura earthquake rupture zone extends ∼180 km

north east of the epicentre (Figure 3.1), the near-�eld region extends ∼360 km to the

north and ∼180 km to the south of the epicentre (Figure 3.2).

We compiled all available New Zealand seismic recordings of the Kaik	oura earth-

quake from 306 strong motion and broadband seismic stations. The seismic sta-

tions are part of the National Seismograph Network and Strong Motion Network

(http://geonet.org.nz). Instrument responses were corrected, and a band-pass �lter

with transition bands of 0.10-0.25 Hz and 24.50-25.50 Hz was applied. Shaking param-

eters, peak ground velocity (PGV) and acceleration (PGA), were calculated at each

seismic station and interpolated to the monitoring wells using the nearest neighbour

interpolation method (Ebdon, 1985). We make an implicit assumption that surface

shaking observed at the seismograph sites, interpolated locally as parameters at the

well site, is applicable over the depth of the wells since they are mostly shallow.
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Figure 3.1: Spatial distribution of the hydrological and seismic data-set that recorded
the 2016 Mw 7.8 Kaik	oura earthquake: (a - Top left) Kaik	oura earthquake focal mecha-
nism (Kaiser et al., 2017) and surface rupture zone (Langridge et al., 2016). (b - Centre
left) 306 seismic stations (strong motion and broadband) recorded the Kaik	oura earth-
quake. (c - Centre right) Water-level data were collected from 433 monitoring wells,
and rainfall and atmospheric pressure were collected from 65 climate stations, which
spanned the earthquake interval. Monitoring wells in Cromwell Gorge are highlighted
di�erently.
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3.5 Groundwater-level changes induced by the

Kaik	oura earthquake

The Kaik	oura earthquake induced groundwater level changes across New Zealand in

the near- and intermediate-�eld (Figure 3.2). Water-levels were recorded at 433 sites

from 4 to 850 km from the earthquake epicentre, at seismic energy densities (Wang,

2007) ranging between 10−2 to 105 J/m3 (Figure 3.3). Although the relationship of

seismic energy density, magnitude and epicentral distance was derived from earth-

quakes in southern California (Cua, 2004), the term is accepted internationally and

used for seismo-hydrological phenomena (e.g. Cox et al., 2015). Of the well water-

levels observed, 146 showed a persistent increase, 91 exhibited a persistent decrease,

and 69 displayed a transient change. At 127 wells there was no observed change. In

the near-�eld, approximately two-thirds of the persistent water-level changes observed

were increases. In the intermediate-�eld, changes were roughly equally split between

increases and decreases. The largest persistent water-level increase was ∼3.5 m and

the largest decrease was ∼3.3 m, both of which were observed in Cromwell Gorge.

In simple terms, water-level changes in the near-�eld had larger amplitudes than in

the intermediate-�eld. The time taken for water-levels to re-equilibrate at new post-

earthquake levels generally ranged from 10 minutes to two hours, with a median time

of 65 minutes and longest time of 100+ days (Cromwell Gorge).

3.6 The in�uence of earthquake driven factors on

water-level changes

Earthquake-induced static stress changes

Static stress changes are permanent and decay rapidly with distance (r) at ∼1/r3,
meaning that they are most signi�cant in the near-�eld (Figure 3.4 Lay and Wallace,

1995; Manga and Wang, 2007). Earthquake-induced static stress changes imposed on

the surrounding crust cause volumetric strain changes within aquifer systems. Studies

have suggested that volumetric strain changes cause water-level changes (e.g. Wakita,

1975; Quilty and Roelo�s, 1997; Jónsson et al., 2003; Akita and Matsumoto, 2004). The

contractional and dilatational volumetric strain changes are inferred to increase and de-

crease water-levels respectively, with predictable amplitudes (e.g. Roelo�s, 1996). How-

ever, several fault lengths away from the epicentre, water-level changes are commonly

larger in amplitude and inconsistent in water-level change polarity (increase/decrease)

with model predictions (Koizumi et al., 1996; Shi and Wang, 2015; Wang and Manga,

2010a).
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Figure 3.2: Three examples of earthquake-induced groundwater-level responses charac-
terised, and the spatial distribution of water-level changes induced by the 2016 Mw 7.8
Kaik	oura earthquake. (a � Top left) Persistent water-level increase, (b � Middle left)
persistent water-level decrease, (c � Bottom left) transient water-level change, and (d
� Centre right) spatial distribution. Sampling intervals are 15 minutes (a and b) and 5
minutes (c). Responses in Cromwell Gorge are highlighted separately. The thick black
line shows a transect approximately parallel to the long axis of the surface rupture
zone; see Figure 3.8 for water-level changes along this transect.
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Figure 3.3: Earthquake magnitude as a function of distance from epicentre, where a
groundwater level response was observed. We collated New Zealand and global case
studies. New Zealand studies include: 2010 Dar�eld Mw 7.1 (Cox et al., 2012); 2011
Christchurch Mw 6.2, 5.3, 6.0 (Gulley et al., 2013); and Cromwell Gorge (O'Brien et al.,
2016). International studies include: 1999 Chi-Chi Mw 7.3 and 2006 Hengchun Mw 7.0
(Chia et al., 2008); 2008 Wenchuan Mw 7.9 (Shi et al., 2013b, 2015a); 2011 Tohoku
Mw 9.0 (Yan et al., 2014); 2013 Lushan Mw 6.6 (Shi et al., 2014). Also included is
a worldwide compilation of groundwater responses (Wang and Chia, 2008); responses
from the extremely sensitive Devils Hole (Weingarten and Ge, 2014); and seismic energy
density contours in J/m3 (Wang, 2007). ChCh = Christchurch.

To calculate the mean static stress changes (σkk), we used the slip distribution of

Clark et al. (2017) to calculate the internal strain �eld based on the formulation of

Okada (1992) at 500 m depth across the epicentral region. Using a Poisson's ratio of

0.25 and a shear modulus of 30 GPa, we then convert the strain to stress at 500 m

depth. Modelled fault slip geometries for the 21 ruptured faults, were based on the

surface rupture �eld (Stirling et al., 2017) and geodetic data. Positive σkk indicates

tensional stress changes, and negative σkk indicates compressional stress changes.

As expected, σkk was most signi�cant in the near-�eld (Figure 3.4 and 3.8). In total

386 wells were in areas of contraction, where σkk ranged from −0.2 to −18,800 kPa. 47
wells were in areas of dilatation, where σkk ranged from 0.7 to 120 kPa (Figure 3.5).

Static stress-induced compressional changes larger than −101 kPa occurred predomi-
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nantly with water-level increases (n=98), and static stress-induced tensional changes

between 101 and 102 kPa occurred generally with water-level decreases (n=13). Com-

pressional changes smaller than -101 kPa occurred more frequently with decreases in

water-level (n=53) than increases (n=39), although the larger amplitudes were mostly

increases. At lower than ±102 kPa regardless of the sign of σkk, some water-levels did

not respond. Signi�cant (>1 m) water-level changes were observed in Cromwell Gorge,

where σkk was less than −100 kPa (Figure 3.5).

Figure 3.4: Spatial distribution of water-level changes and mean static stress changes
(σkk) induced by the Kaik	oura earthquake. Red colours indicate contraction, blue
colours indicate dilatation. A transect through the surface rupture zone and the ma-
jority of monitoring wells is shown in Figure 3.8.
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Figure 3.5: The relationship between earthquake-induced mean static stress changes
(σkk) and water-level changes. (a � Top) Static stress-induced compressional stress
changes. High areas of compressional stress changes include (i) Wellington and Can-
terbury, and (ii) Marlborough. (b � Bottom) Static stress-induced tensional stress
changes. High areas of tensional stress changes include (i) Tasman.

Earthquake-induced dynamic shaking

Dynamic stress changes caused by the passage of seismic waves, are short-lived, and

decay at ∼ 1/r1.66, meaning that they can be signi�cant from the near- to far-�eld

(Lay and Wallace, 1995; Manga and Wang, 2007). Dynamic stress-induced deformation

depends on loading rates and cycles of inertial forces (Manga and Wang, 2007), and is

in�uenced by rupture directivity and radiation patterns (Wang, 2007).

Peak ground velocity (PGV) re�ects the majority of energy in seismic ground mo-

tion (Wang, 2007) and is easily measurable. PGV can be related to the Modi�ed

Mercalli Intensity scale (e.g. Gerstenberger et al., 2007), and is a potential indicator

for engineers in seismic assessment methods (e.g. Akkar and Özen, 2005). PGV has

been compared to water-level changes (e.g. Elkhoury et al., 2006; Shi et al., 2015a) and

is related to peak dynamic stress, which has been utilised in permeability enhancement

experiments (e.g. Roberts, 2005; Elkhoury et al., 2011). Dynamic stresses are thought

to control the incidence of shear-induced consolidation and dilatation (Luong, 1980;

Dobry et al., 1982; Vucetic, 1994), vertical (e.g. Wang et al., 2004b; Wang, 2007; Wang

et al., 2016) and horizontal (e.g. Brodsky et al., 2003) enhancement of permeability.
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Peak dynamic stress (σD, GPa) can be expressed (Jaeger and Cook, 1979) as:

σD ∼ µsPGV/vs (3.1)

in terms of the shear modulus (µs, GPa), shear-wave velocity at the monitoring well

(vs, m/s), and maximum peak ground velocity (PGV, m/s). The maximum PGV of

horizontal and vertical motions have been used here as a proxy for dynamic stress

(Equation 3.1 Love, 1927; Brodsky et al., 2003; Kano and Yanagidani, 2006).

The assessment of liquefaction, an earthquake-induced hydrogeological response

(e.g. Wang, 2007), utilises a stress-based approach which uses the horizontal (geomet-

ric mean) peak ground acceleration (PGA New Zealand Geotechnical Society, 2010;

Bradley and Hughes, 2012). We compared the horizontal (geometric mean) PGA

to groundwater-level changes. Comparing both PGV and PGA to groundwater-level

changes, allowed an assessment of whether velocity or acceleration was the best indi-

cator for determining the polarity, amplitude and/or duration of water-level change.

The assessment of liquefaction, an earthquake-induced hydrogeological response

(e.g. Wang, 2007), is typically based on considerations of changes in stress and uses the

horizontal (geometric mean) peak ground acceleration (PGA) (New Zealand Geotechni-

cal Society, 2010; Bradley and Hughes, 2012). PGA also correlates with the amplitude

and occurrence of groundwater-level changes (Lai et al., 2004, 2010). We compared

the horizontal (geometric mean) PGA to groundwater-level changes. Comparing both

PGV and PGA to groundwater-level changes allowed an assessment of whether velocity

or acceleration was the better indicator for determining the polarity, amplitude and/or

duration of water-level change.
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Figure 3.6: Spatial distribution of water-level changes, maximum PGV and horizontal
(geometric mean) PGA, induced by the 2016 Mw 7.8 Kaik	oura earthquake. Spatial
distribution of the water-level changes on a national-scale compared to PGV (a � Top
left) and PGA (c �Top right). Notably high levels of shaking occurred in the (i)
Taranaki, and (ii) Hawkes Bay regions. Spatial distribution of water-level changes in
central New Zealand as a function of PGV (c � Bottom left) and PGA (d � Bottom
right). Notably high levels of shaking occurred in the (i) Marlborough, (ii) Wellington,
and (iii) Manawatu-Wanganui regions. Red colours indicate high levels of PGV and
PGA, green colours represent low levels of PGV and PGA. A transect through the
surface rupture zone and the majority of monitoring wells is shown in Figure 3.8.
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PGV and PGA were highest in the near-�eld, adjacent to the fault rupture, and

notably high in areas of the Marlborough, Wellington, Manawatu-Wanganui, Taranaki

and Hawkes Bay regions. The extent of the fault rupture to the north of the epicentre

and the northward rupture directivity of the earthquake, resulted in a slower decay

of PGV and PGA north of the epicentre, and a more rapid decay of PGV and PGA

south of the epicentre. The higher PGV and PGA north of the epicentre correlate

with a higher percentage of wells exhibiting changes. North of the epicentre, 60 %

of water-levels changed persistently, while south of the epicentre 48 % of water-levels

changed persistently (Figure 3.6 and 3.8).

At monitoring wells, the PGV ranged from 0.002 to 0.9 m/s and the PGA ranged

from 0.01 to 11.8 m/s2. Above a PGV of ∼0.3 m/s and a PGA of ∼2 m/s2 the

majority of persistent water-level changes were increases, and the median response re-

equilibration times were 1455 and 585 minutes respectively. Below a PGV of ∼0.3 m/s
and a PGA of ∼2 m/s2 there was no preferred polarity, and the median response re-

equilibration time was 75 minutes below both thresholds. PGA di�erentiates polarity

behaviour more clearly than PGV, with 32 persistent water-level increases above ∼2
m/s2, compared to 11 persistent water-level increases above ∼0.3 m/s. Some monitor-
ing wells that experienced low levels of shaking, showed a larger water-level change than

wells that experienced high levels of shaking, such as wells in Cromwell Gorge (Figure

3.7). This may be due to local hydrogeological conditions that partly contribute to the

characteristics of water-level changes.
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Figure 3.7: Absolute water-level change amplitude as a function of (a � Top) maximum
PGV, and (b � Bottom) horizontal (geometric mean) PGA. Above a PGV of ∼0.3 m/s
and a PGA of ∼2 m/s2, water-level changes were predominantly increases.
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Figure 3.8: A transect of the Kaik	oura earthquake-induced (a � Top) groundwater-level
changes, (b � Middle) maximum PGV and horizontal (geometric mean) PGA, and (c �
Bottom) mean static stress changes (σkk). Locations of interest are: (i) Cromwell gorge
monitoring wells, (ii) earthquake epicentre, (iii) Marlborough region, (iv) Cook Strait,
(v) Wellington, (vi) Manawatu-Wanganui, and (vii) Hawkes Bay regions. The cross-
section goes through the Kaik	oura surface rupture zone and the majority of monitoring
wells.

3.7 The in�uence of local hydrogeological factors

on water-level changes

Although distance from the epicentre provides a rough approximation of how a moni-

toring well may respond to an earthquake, some monitoring wells respond with larger

amplitudes of water-level change than others at the same epicentral distance. Aquifer

properties are likely to partly control earthquake-induced water-level changes. The

higher the transmissivity of the formation, the more re�ective the well water-level

change is of the formation pressure change, with the time taken for water-levels to re-

equilibrate or return to pre-earthquake levels being governed by �ow properties (Faoro

et al., 2012).
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Since PGA di�erentiates polarity behaviour more clearly than PGV (Figure 3.7),

and because earthquake induced dynamic shaking occurred at all monitoring wells,

we scaled the absolute water-level change amplitudes (WLC, m) to the horizontal

(geometric mean) PGA (m/s2) experienced at each monitoring well (WLC/PGA, s2).

To further understand the local hydrogeological factors in contributing to water-level

changes we compared WLC/PGA to depth of monitoring well and to the average shear

wave velocity between 0 and 30 m depth as a representation of degree of con�nement

and expected dynamic rock-strength behaviour at each site.

Depth

Earthquake-induced water-level changes vary with degree of con�nement in aquifer

formations. Water-level changes in uncon�ned aquifers are generally smaller than in

con�ned/semi-con�ned aquifers (Roelo�s, 1996), as a result of the speci�c yield of

uncon�ned aquifers being higher than the storativity of con�ned aquifers (Freeze and

Cherry, 1979). Changes in monitoring well water-levels in uncon�ned aquifers re�ect

the (de)watering process of pore spaces above/below the water table, which forms the

aquifer's upper boundary. Changes are also in�uenced by well storage e�ects, the

impact of which increases with decreasing transmissivity (Roelo�s, 1996). Assuming

undrained conditions (Kano and Yanagidani, 2006), changes in con�ned aquifer pore

pressure (p, GPa), given by p = −Bσkk/3, are proportional to mean stress (σkk, GPa),

and the magnitude of pore pressure change is governed by Skempton's coe�cient (B

Roelo�s, 1996).

We used the depth of each monitoring well (4 m to 1.4 km) as a �rst-order proxy for

the degree of con�nement of the aquifers studied. The monitoring wells are generally

shallow with the median depth being 24 m. At any depth, WLC/PGA typically varies

by two orders of magnitude. Generally, the deeper the monitoring well, the more

sensitive the well was to water-level change. A similar observation was recorded by

Rutter et al. (2016), who found that water-level changes occurred more consistently in

wells of greater than 80 m depth, compared to shallower wells. At depths less than 10

metres, WLC/PGA broadly ranged from ∼10−3 to 10−1 s2. At depths between 10 and

100 metres, WLC/PGA mostly varied from ∼10−2 to 100 s2. Deeper than 100 metres,

WLC/PGA largely �uctuated from ∼10−1 to 101 s2. All types of water-level changes

were observed over the entire depth range as shown by the kernel density estimate.

Monitoring wells in Cromwell Gorge geoengineered landslides were generally the most

sensitive (Figure 3.9).
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Figure 3.9: WLC/PGA as a function of monitoring well depth. The deeper the monitor-
ing well, the more sensitive the well was to water-level change. All types of water-level
changes were observed over the entire depth range.

Shear wave velocity

Seismic waves attenuate di�erently in di�erent rock types (Wang and Manga, 2010a),

and it is therefore unsurprising that hydrogeological factors partly control earthquake-

induced groundwater-level changes. Site e�ects and varying crustal structures have

di�ering e�ciencies of dynamic shaking (Wang, 2007). Saturated unconsolidated me-

dia damp high-frequency motions, while amplifying lower frequencies (Popescu, 2002;

Wong and Wang, 2007; Youd and Carter, 2005). In contrast, consolidated/crystalline

aquifer material amplify high-frequency shaking more than low frequency shaking

(Bradley, 2013). Sensitive hydrological sites screened in well consolidated or crys-

talline rocks can respond to teleseismic earthquakes over 1000 km away, and typically

do so with hydroseismograms (e.g. Brodsky et al., 2003; Kitagawa et al., 2006; Shi

and Wang, 2014; Weingarten and Ge, 2014; Zhang et al., 2015). Where static and

dynamic stresses are insigni�cant, hydrogeological factors must partly control the hy-

drological response. The geoengineered schist landslides of Cromwell gorge respond

hydrologically with large amplitude, although static and dynamic stresses are insignif-

icant (Figure 3.8).Where static and dynamic stresses are signi�cant, hydrogeological

factors may in�uence hydrological responses but are probably less substantial. In the

near-�eld responses are not entirely consistent with the magnitude of static or dynamic

stresses (Figure 3.8).
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To re�ect the varied hydrogeological conditions of the aquifers studied, we used

site-average shear-wave velocity (Vs30, m/s) over depths between 0 and 30 m (Hor-

spool et al., 2015) at each monitoring well. Shear wave velocities range from 40 to

1040 m/s, representing very soft soil to weak rock respectively (Destegul et al., 2008).

The Vs30 is typically towards the lower end of this range, the median Vs30 being 225

m/s, representative of deep soil. At any Vs30, WLC/PGA varied over three orders of

magnitude. Broadly, as the Vs30 increases, WLC/PGA increases. When Vs30 ranged

between 0 and 270 m/s, WLC/PGA typically ranged from ∼10−3 to 100 s2. When Vs30
was close to 1000 m/s, WLC/PGA was mostly between ∼10−2 to 101 s2. There is no

correlation between polarity of water-level change and Vs30 at any depth. Monitoring

wells in Cromwell Gorge were particularly sensitive in deep soil and weak rock site

classi�cations. There are also numerous sites that did not respond to the earthquake

at a variety of Vs30 values (Figure 3.10).
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Figure 3.10: WLC/PGA as a function of site classi�cation (Destegul et al., 2008).
Site classi�cations are converted from Vs30 (Horspool et al., 2015). Monitoring well
depths shallower than 30 m have larger opaque symbols as the Vs30 is representative.
Monitoring well depths deeper than 30 m have smaller transparent symbols as the Vs30
is less representative.
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Earthquake-induced static stress changes

Static stress changes induced by the Kaik	oura earthquake were only signi�cant in the

near-�eld (Figure 3.8), and were variable in polarity and amplitude as a result of the

complex rupture zone (Figure 3.4). Mean static stress change (σkk), used in this study,

can be converted into volumetric strain change (εkk), εkk = σkk/K, with Bulk modulus

(K, GPa) of the lithology. For Bulk modulus, an arithmetic mean of 6.6 GPa for

sands and gravels was used (Hart and Wang, 1995). εkk has the relationship with

pore-pressure change (p) in a monitoring well, p = −(2GB/3)[(1 + vu)/(1 − 2vu)]εkk
(e.g. Roelo�s, 1996). To obtain a �rst-order estimate of the static strain changes

and corresponding water-level changes in this investigation, arithmetic means of shear

modulus (G, 5.6 GPa), Skempton coe�cient (B, 0.62), and undrained poisson ratio (vu,

0.33) of sands and gravels were used (Hart and Wang, 1995), resulting in a coe�cient

((2GB/3)[(1 + vu)/(1 − 2vu)]) value of ∼9 GPa. Therefore, a σkk of ±100 and ±101

kPa predicts a ∼10 cm and ∼1 m water-level change respectively. However, most wells

with a σkk of <±100 kPa had a larger water-level change than predicted, even in cases

of wells that had a consistent polarity with static stress changes. Only wells with

σkk larger than ±100 kPa had smaller water-level changes than predicted, although

the polarities were generally consistent with static stress changes exceeding ±101 kPa

(Figure 3.5).

Considering water-level change polarity or amplitude was inconsistent with static

stress change predictions, static stress changes did not contribute to water-level changes

in the near-�eld. Furthermore, groundwater level changes are not necessarily good

indicators of co-seismic static strain change, similar to Roelo�s et al. (2015). In the

intermediate-�eld, water-level changes are larger than static stress change prediction,

notably monitoring wells in Cromwell Gorge (Figure 3.5), which is consistent with other

studies (Igarashi and Wakita, 1995; Itaba and Koizumi, 2007; Manga and Wang, 2007;

Wang and Manga, 2010a; Shi and Wang, 2015). These results are dissimilar to �ndings

in other studies where static stress changes correlate with water-level change amplitude

and polarity (Wakita, 1975; Roelo�s, 1996; Quilty and Roelo�s, 1997; Jónsson et al.,

2003; Akita and Matsumoto, 2004; Chia et al., 2008). High model uncertainty resulting

from variable slip geometries and magnitudes between di�erent models, may partly

account for poor �t between static stress and groundwater level changes.
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Earthquake-induced dynamic shaking

If dynamic stress-induced cyclic shear strains in unconsolidated deposits greatly exceed

a threshold of ∼10−4 (Luong, 1980), shear-induced dilatation occurs (Wang et al.,

2001). Groundwater-levels can decrease persistently as a result of the decrease in pore

pressure and increase in porosity (Wang and Chia, 2008). Shear-induced dilatation

may have occurred in proximity to the Kaik	oura earthquake fault rupture. However,

as a result of the numerous landslides (Dellow et al., 2017), and limited number of

monitoring wells adjacent to the fault rupture, it is unclear to what extent shear-

induced dilatation may or may not have occurred.

Shear-induced consolidation and liquefaction (Wang et al., 2001; Wang, 2007) occur

at lower cyclic shear strains, still exceeding ∼10−4 (Dobry et al., 1982; Vucetic, 1994).

Shear-induced consolidation predicts that water-levels increase persistently as a result

of dynamic shaking, due to consolidating the sediment within an aquifer and decreasing

porosity (Wang et al., 2001). The threshold at which persistent water-level increases

predominantly occurred was at a horizontal (geometric mean) peak ground acceleration

(PGA) of ∼2 m/s2 and a maximum peak ground velocity (PGV) of 0.3 m/s. PGA

di�erentiated persistent water-level increases from other response types more clearly

than PGV (Figure 3.7). Dynamic shaking also caused liquefaction to occur in the

Marlborough (Davies et al., 2017; Stringer et al., 2017) and Wellington (Bradley et al.,

2017c; Cubrinovski et al., 2017; Orense et al., 2017) regions. These areas experienced

a PGA exceeding ∼2 m/s2 and had predominantly persistent water-level increases.

At low thresholds of dynamic shaking, earthquake-induced �ow velocities may be

strong enough to dislodge colloidal particles (Wang et al., 2009). It has been postu-

lated that dislodging of colloidal particles from preferential �ow pathways may enhance

horizontal permeability (Matsumoto et al., 2003; Brodsky et al., 2003; Wang and Chia,

2008; Rutter et al., 2016). The change in water-level may originate in proximity to

a local pressure source, which could be produced by liquefaction (Roelo�s, 1998), or

elevated hydraulic heads (Rojstaczer et al., 1995). Earthquake-induced �ow velocities

may be strong enough to dislodge colloidal particles (Wang et al., 2009). Labora-

tory experiments on pore unclogging (Liu and Manga, 2009; Elkhoury et al., 2011)

and groundwater colour changes (Prior and Lohmann, 2003) support permeability en-

hancement by dislodging colloids. The location of permeability enhancement could

occur either up- or down-hydraulic head gradient of a monitoring well. If enhance-

ment occurs up-hydraulic head gradient of a monitoring well, water-level in the well

would increase, as more �ow is directed towards the well. If enhancement occurs down-

hydraulic head gradient, water-level in the well would decrease, as �ow is directed away

from the well. Therefore, if a su�ciently large number of observations are made, the

permeability enhancement model would predict a statistically random occurrence in

the polarity of the water-level change (Wang and Chia, 2008). In this study, there
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was roughly an equal number of persistent water-level increases and decreases at ac-

celerations lower than PGA of ∼2 m/s2, with water-level change amplitudes generally

less than 1 m. This is consistent with the model of enhanced permeability. Persis-

tent water-level changes may have occurred above a PGA of ∼2 m/s2 as a result of

enhanced permeability, but may be concealed by larger amplitude changes caused by

shear-induced consolidation (Wang and Manga, 2010a).

Water-level changes caused by dislodging colloidal particles may be described as

gradual sustained changes, because the response re-equilibration time to new post-

earthquake levels depends on the distance between the source of the blockage and the

monitoring well (Roelo�s, 1998; Brodsky et al., 2003). Water-level changes caused by

consolidation are more likely to be described as abrupt changes, because immediate

changes in pore pressure occur as a result of an undrained volumetric change around

the well (Wang and Manga, 2010a). In this study, the median persistent response re-

equilibration time for monitoring wells that experienced a PGA above ∼2 m/s2 (n=33)
was 585 minutes, while below a PGA of ∼2 m/s2 (n=204) was 75 minutes. The two

populations of response times were statistically di�erent. Shear-induced consolidation,

may occur on a large-scale (km; Wang et al., 2001), as the threshold of shaking is

likely to be exceeded over a wide area near the earthquake epicentre. However, perme-

ability enhancement caused by dislodging of colloids, may occur more frequently on a

small-scale (m; Brodsky et al., 2003) in preferential �ow pathways. The response time

may re�ect the scale at which these processes occur at, but should not be considered

de�nitive.

International case-studies have shown that undrained consolidation/dilatation is the

dominant mechanism in the near-�eld, with enhanced permeability being dominant in

the intermediate-�eld (Wang and Manga, 2010a). In the �eld, seismic energy densities

larger than ∼101 J/m3 are above the threshold for undrained consolidation, with sensi-

tive sites experiencing consolidation above ∼10−1 J/m3 (Hazirbaba and Rathje, 2004;

Wang and Manga, 2010a). For the Chi-Chi and Hengchun earthquakes, the transition

from consolidation to enhanced permeability was inferred at ∼101 J/m3 (Wang and

Chia, 2008). In this investigation, that equates to an epicentral distance of 100 km

(near-�eld), where water-level changes were still predominantly increasing (Figure 3.8).

The terms seismic energy density (Wang, 2007), near- and intermediate-�eld (Wang

and Manga, 2010a), and one fault rupture length (Wells and Coppersmith, 1994),

do not take into account directivity of an earthquake. The occurrence of water-level

changes broadly correlated with the spatially asymmetric distribution of PGA (Figure

3.8). Water-levels changed persistently in 60 % of the monitoring wells north of the

epicentre, whereas south of the epicentre water-levels changed persistently only in 48

% of monitoring wells. Therefore, considering the northward rupturing nature of the

Kaik	oura earthquake, and for systematic comparison with other studies, we �nd that

the transition between shear-induced consolidation and enhanced permeability occurs
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at a PGA of ∼2 m/s2. This is not a de�nitive threshold and therefore, should be

compared to other earthquakes and monitoring sites.

At low levels of dynamic shaking, dynamic volumetric stresses cause pore spaces

to dilate and compress, which can lead to transient pulses of pore pressure (Roelo�s,

1998) and poro-elastic deformation (e.g. Kano and Yanagidani, 2006). In this case

study, transient water-level changes occurred mainly below a PGA of ∼2 m/s2 with

small amplitudes of water-level changes, (Figure 3.7), and are likely to be a result of

poro-elastic deformation (e.g. Roelo�s, 1998; Kano and Yanagidani, 2006).

Local hydrogeological factors

Shear-induced consolidation and enhancement of permeability are likely to have partly

contributed to the polarity and occurrence of water-level changes (Figure 3.7). Some

monitoring wells were more sensitive to water-level changes than others at similar

ground accelerations, which may be partially a result of hydrogeological factors. 400

km south of the epicentre (Figure 3.8), monitoring wells in Cromwell Gorge screened in

schist rock exhibited water-level changes of ±3 m. Yet, monitoring wells within 200 km
of Cromwell Gorge, mainly screened in unconsolidated deposits, responded persistently

with small amplitudes of less than 1 m. Cromwell Gorge monitoring wells are known to

be sensitive to hydrological change from multiple earthquakes. Cromwell Gorge ground-

water levels are depressed below equilibrium levels by pumping and gravity drainage

due to infrastructure, and the sensitivity may in-part re�ect anthropogenic modi�ca-

tion of the groundwater regime (O'Brien et al., 2016). The Devils Hole, Nevada, is

another example of a site that is sensitive to change, with responses occurring at low

seismic energy densities of 10−6 J/m3 (Weingarten and Ge, 2014). Since there is a

disparity between the global dataset (Wang and Chia, 2008) and case studies (Figure

3.3), it is possible that response thresholds vary widely as a result of hydrogeological

factors. Di�erent catchment responses may also a�ect the hydrological response to the

earthquakes (e.g. Pedretti et al., 2016).

Depth is positively correlated with WLC/PGA (Figure 3.9), which concurs with

studies that observed pronounced earthquake-induced water-level changes in deeper

con�ned aquifers compared to shallow uncon�ned aquifers (Stearns, 1928; Eaton and

Takasaki, 1959; Roelo�s, 1996; Rutter et al., 2016). This is because the speci�c yield

of uncon�ned aquifers is higher than the storativity of con�ned aquifers (Freeze and

Cherry, 1979). Seismic acceleration generally decreases signi�cantly with depth (e.g.

Theodoulidis et al., 2018) which might increase the correlation between depth and

WLC/PGA.

WLC/PGA is positively correlated with Vs30 (Figure 3.10), which is consistent

with sites screened in well consolidated or crystalline rocks responding hydrologically

to teleseismic earthquakes (Brodsky et al., 2003; Shi et al., 2014; Weingarten and Ge,
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2014; Zhang et al., 2015). Therefore, regardless of the magnitude of the earthquake, it

appears that monitoring wells may have a predisposition to show water-level changes of

certain amplitude relative to dynamic shaking, based on the strength of the rock they

are screened in. This concept was adopted by O'Brien et al. (2016) who concluded that

aquifer systems have the ability to resist and recover from dynamic shaking which is

consistent between earthquakes. WLC/PGA varies over several orders of magnitude at

any given depth or Vs30. This large variation of WLC/PGA may result from variable

permeabilities or well-aquifer coupling which may partly contribute to amplitudes of

water-level changes (Manga and Wang, 2007; Wang et al., 2009; O'Brien et al., 2016).

The fact that 127 monitoring wells that experienced di�erent levels of shaking, did

not exhibit water-level changes, further demonstrates that hydrogeological factors do

contribute to a monitoring wells capacity to exhibit a water-level change. The well

and monitoring system and/or the aquifer properties may result in some wells being

unresponsive. A large noise-to-signal ratio and/or a low sampling resolution could

result in low resolution measurements of the water-level and any changes that occur.

Monitoring well site conditions may also in�uence response recordings with pumping,

precipitation or large seasonal variations having an e�ect on water levels. Aquifers

with high storage capacities and/or low transmissivity may prevent responses being

recorded at the monitoring wells. This in-turn may have resulted in a higher shaking

threshold required for a water-level change. Understanding why sites did not respond

should be investigated in future work.

The characteristics of dynamic shaking are in�uenced by geological conditions

(Wang, 2007). The ampli�cation of seismic shaking is larger over sediments than

bedrock (Bard and Riepl-Thomas, 2000), shown by high levels of shaking in parts of

the Marlborough, Wellington, Manawatu-Wanganui, Taranaki and Hawkes Bay regions

(Figure 3.6 and 3.8). Seismic wave attenuation and velocity are also a�ected by degree

of saturation, and the spatial distribution of �uids within the crust (Li et al., 2001).

Although we evaluated seismic and hydrogeological factors separately, we acknowledge

that a non-linear relationship exists (Beresnev and Wen, 1996) between them.

3.9 Conclusion

We quantify groundwater-level changes in 433 monitoring wells across New Zealand to

the 2016 Mw 7.8 Kaik	oura earthquake. We compare water-level changes to earthquake

driven characteristics such as mean static stress changes (σkk), maximum peak ground

velocity (PGV), and horizontal (geometric mean) peak ground acceleration (PGA). We

also compare scaled water-level changes (WLC/PGA) to local hydrogeological factors,

depth and site average shear wave velocity (Vs30).

The Kaik	oura earthquake-induced static stress changes were only signi�cant in the
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near-�eld. The amplitude and polarity of water-level changes observed in monitoring

wells in the near-�eld do not generally correlate with the modelled σkk. However, above

a PGA of ∼2 m/s2, persistent water-level changes predominantly increased. This is

consistent with the hypothesis of shear-induced consolidation (Wang et al., 2001).

For wells that experienced a PGA lower than ∼2 m/s2, there was approximately an
equal number of water-level increases and decreases. The statistically random polarity

of water-level change is consistent with the hypothesis of enhanced permeability by

dislodging colloids (Brodsky et al., 2003), as the polarity of the water-level change de-

pends on the location of the monitoring well relative to the location of the permeability

change (up- or down-hydraulic head gradient; Wang and Chia, 2008).

The fault rupture extending to the north of the epicentre and northward directivity

of the Kaik	oura earthquake (Kaiser et al., 2017) resulted in a spatially asymmetric

distribution of PGA. Water-levels changed persistently in 60 % of the monitoring wells

north of the epicentre, whereas south of the epicentre water-levels changed persistently

only in 48 % of monitoring wells. Considering the northward directivity, and that

both enhanced permeability and shear-induced consolidation are primarily controlled

by dynamic shaking, we �nd that the transition between shear-induced consolidation

and enhanced permeability occurs at a PGA of ∼2 m/s2. This threshold should be

con�rmed in future studies.

Hydrogeological factors depth and Vs30 positively correlate with WLC/PGA. Re-

gardless of the magnitude of the earthquake, monitoring wells may have a predisposition

to have water-level changes of certain amplitudes relative to PGA, based on the de-

gree of con�nement and the strength of the rock surrounding the screen. Additional

work should also include changes in spring discharge and other earthquake hydrological

responses to the Kaik	oura earthquake, at local and catchment scales.

This immediate report examines the e�ect of a single earthquake on multiple hydro-

logical sites. To provide an informative map of aquifer susceptibility to earthquakes, a

multi-earthquake, multi-site dataset, composed of individual case studies such as this

one, must be developed. These data-sets should collectively span signi�cant decadal

time periods, and record the lack of responses as well as responses. Their analysis

will distinguish the role of extrinsic (earthquake-related) and intrinsic (local geology

and hydrogeology) factors and potentially could be utilised to inform practitioners on

seismic risk to aquifers and water supplies.
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4 Tidal behaviour and water-level changes

in gravel aquifers in response to multiple

earthquakes: A case study from

New Zealand

4.1 Abstract

Earthquakes have been inferred to induce hydrological changes in aquifers on the basis

of either changes to well water-level or tidal behaviour, but the relationship between

these changes remains unclear. Here, changes to tidal behaviour and water-levels were

quanti�ed in a hydrological network monitoring gravel aquifers in Canterbury, New

Zealand, in response to nine earthquakes (from Mw 5.4 to 7.8) that occurred between

2008 and 2015. Out of the 161 wells analysed, only 35 wells contain water-level �uctu-

ations associated with earth (7) or ocean (28) tides. Permeability reduction manifest

as changes in tidal behaviour, and increased water-level in the near-�eld of the Canter-

bury earthquake sequence of 2010 and 2011, support the hypothesis of shear-induced

consolidation. However, tidal behaviour and water-level changes rarely occurred simul-

taneously (∼2%). Water-level changes that occurred with no change in tidal behaviour

re-equilibrated at a new post-seismic level faster (on timescales of∼50 mins), than when
a change in tidal behaviour occurred (∼240 mins to 10 days). Water-level changes were

more than likely to occur above ∼50 kPa, and were more than likely to not occur below
∼10 kPa. The minimum peak dynamic stress required for a tidal behaviour change to

occur was ∼0.2 to 100 kPa.

This chapter has been submitted as a research manuscript for consideration in the international
journal Water Resources Research (February 2018). Co-authors contributed to the making of this
manuscript. M. L-. Doan assisted with tidal analysis methodology, analysis of results, and research
design. S. C. Cox and J. Townend provided conceptual discussion, research design, reviewed the
manuscript and obtaining funding. C. Holden reviewed seismic calculations and the manuscript.
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4.2 Introduction

The ability of a material to transmit �uid, referred to as permeability, plays a critical

role in a broad range of geological processes. In addition to its essential hydrogeological

signi�cance, permeability has in recent years been recognized as a control on hydro-

carbon migration (Gluyas and Swarbrick, 2013), the longevity of geological carbon

sequestration (Gleeson and Ingebritsen, 2016), and the advection of heat and solutes

in response to earthquakes (Cox et al., 2015). There is growing evidence that �uids

are mechanically involved in all stages of the earthquake cycle (Sibson, 1994), and

that permeability �uctuations play a key role in the rupture-reactivation-cementation

cycle (Boulton et al., 2017; Dempsey et al., 2014; Sutherland et al., 2012). Permeabil-

ity is considered to be dynamically self-regulating (Townend and Zoback, 2000; Weis

et al., 2012). The self-regulating nature of permeability is achieved through competing

processes that increase and decrease connectivity and volume of voids and fractures

(Rojstaczer et al., 1995). Permeability changes can be induced by earthquakes, both

locally and distally, directly or indirectly through changes in static and dynamic stress

(Wang and Manga, 2010a).

Measurements of permeability are important in understanding tectonic and hydro-

geological processes. Pumping tests are one way of estimating aquifer permeability.

However, such tests represent a single point in time and space, are a�ected by well

construction and completion, and are typically expensive. Tidal analysis, on the other

hand, provides a means of estimating permeability on a continuous basis and in a

non-invasive, relatively inexpensive manner (Merritt, 2004). By inferring permeabil-

ity continuously, it is possible to detect earthquake-induced permeability changes. A

pioneering study by Elkhoury et al. (2006), observed earthquake-induced dynamic per-

meability changes with the use of groundwater-level �uctuations caused by earth tides.

Many research papers have since adopted this approach (e.g. Lai et al., 2014; Liao

et al., 2015; Yan et al., 2014).

Earthquake-induced water-level changes are often attributed to changes in perme-

ability (Wang and Manga, 2010a). The polarity of the water-level change (increase/

decrease) in a well may be in�uenced by permeability changing either up or down

head-gradient of that well (Wang and Chia, 2008), with almost instantaneous responses

occurring in the vicinity of the well (Shi and Wang, 2015). A higher pre-existing per-

meability may cause a larger water-level change and shorter decay time (Shi et al.,

2013b). An unresolved issue is the relationship between earthquake-induced water-

level and tidal behaviour changes (Elkhoury et al., 2006), which recent studies suggest

seldom occur simultaneously (e.g. Shi and Wang, 2015; Shi et al., 2015b; Yan et al.,

2014).
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Enhancement of permeability takes many forms that can involve either physical

or chemical processes. The removal of colloidal blockages in heterogeneous aquifers

(Brodsky et al., 2003), may alter �ow pathways signi�cantly. Fracture-scale permeabil-

ity enhancement, both sub-vertical (Wang, 2007; Wang et al., 2016) and sub-horizontal

(O'Brien et al., 2016), may connect hydraulically isolated pore pressure zones. Shear-

induced dilation (Wang et al., 2001) may occur if cyclic shear strain exceeds ∼10−4

(Vucetic, 1994).

Permeability reduction is mainly documented in the inter-seismic environment in-

volving chemical processes such as clay alteration (Menzies et al., 2016), fault healing

(Aben et al., 2017; Gratier and Gueydan, 2007), and cementation (Dempsey et al.,

2014). Co-seismic reduction of permeability has been observed in the �eld as a result

of clogging of fractures (Shi et al., 2018; Yan et al., 2016), and can be associated with

processes requiring a high level of shaking (Vucetic, 1994): typically shear-induced

consolidation (Rutter et al., 2016; Wang et al., 2001) or liquefaction (Wang, 2007).

In this contribution, tidal analysis was performed on data from 161 wells in the

Canterbury hydrological network, New Zealand, that have been a�ected by nine Mw

5.4 or larger earthquakes between 2008 and 2015. A comparison of earthquake-induced

tidal behaviour and water-level changes was undertaken in order to discern the un-

derlying processes and the scale at which they occurred. An estimate of the dynamic

stress perturbations required to induce changes was also calculated.

Tectonics and hydrogeological setting

Oblique-convergent collision between the Australia and Paci�c plates in southwest

New Zealand occurs at ∼38 mm/year (DeMets et al., 2010) and earthquakes occur

throughout the country along the plate boundary zone. In the central South Island, the

majority of Late Quaternary plate motion has been accommodated by slip on the Alpine

Fault (Norris and Cooper, 2001). The Alpine and Marlborough faults connect two

subduction zones of opposite dip: the Puysegur trench to the South; and the Hikurangi

trough to the North (Berryman et al., 1992). A damaging sequence of earthquakes in

Canterbury from 2010 to 2011, was associated with distributed deformation east of the

Alpine Fault (Quigley et al., 2016).

The Canterbury region is composed of Permian-Jurassic Torlesse greywacke bedrock,

overlain by Paleogene-Pleistocene sedimentary sequences, and late Quaternary gravel

alluvium (Brown, 2001). The gravel alluvium was sourced from tectonic uplift of the

Southern Alps, and have been entrained and transported eastwards by glacial melt-

waters (Forsyth et al., 2008). At the coast, sea-level �uctuations during glacial and

inter-glacial sequences have resulted in inter-layering of �ne marine and estuarine sed-

iments with coarse-grained gravels. The �ner-grained sediment thickens eastward and

coastward (Brown and Weeber, 1992), forming a zone of coastal con�ned aquifers (Tal-
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bot et al., 1985). The coastal artesian aquifers are hydrologically heterogeneous, with

variable permeability and thickness of aquitards (Bal, 1996). Commonly, large pro-

portions of groundwater �ow (∼98 %) occur through a very small proportion of the

aquifers (∼1 %), via highly-permeable open-framework gravels (OFGs; Dann et al.,

2008).

4.3 Data

Seismic data

We selected nine Mw 5.4 or larger earthquakes that occurred in New Zealand between

2008 and 2015 (Figure 4.1); each was felt throughout both the North and South islands

Table 4.2). Seismic stations in the New Zealand National Seismograph Network and

Strong Motion Network are operated by GeoNet (geonet.org.nz). In this study, we

acquired seismic data for each of the nine earthquakes from broadband and strong

motion seismographs. The seismic data have a sampling frequency ranging between

100 and 200 Hz. We applied instrument response corrections and a band-pass �lter

with transition bands of 0.10 to 0.25 Hz and 24.50 to 25.50 Hz. We then calculated

site speci�c shaking parameters described below.

Hydrological data

Groundwater in the gravel aquifers of Canterbury is continuously monitored in 161

wells by Environment Canterbury (Figure 4.1). Water-levels are recorded every 15

minutes by either vented or non-vented pressure transducers. There are seven clusters

of two or three wells, where the monitoring sites contain multi-level piezometers or

are in proximity to each other (<20 m; see Supplementary data). Barometric pressure

sensors are located throughout the region and installed in monitoring well casings just

below ground level. We apply barometric corrections to the non-vented pressure data

so that the dataset analysed re�ects changes in water pressure only. The correction

process uses barometric pressure data from the nearest site, usually within a 20 km

distance and 300 m elevation of the respective well.

Sea-level monitoring in the Canterbury region is undertaken by The National Insti-

tute for Water and Atmospheric Research (NIWA). These sites are located in Christchurch,

and Timaru (Figure 4.1; see Supplementary data). Data are recorded at 15 minute

intervals by pressure transducers and provide information on the time and amplitude

of ocean tide �uctuation.

64



Tidal behaviour and water-level changes to multiple earthquakes

Figure 4.1: Seismic and hydrological monitoring in Canterbury, New Zealand. (a � Top
left) Summary map showing the epicentres of the nine Mw 5.4 or larger earthquakes that
occurred between 2008 and 2015. (b � Centre) Seismic and hydrological monitoring
sites in the central South Island of New Zealand. (c � Bottom right) Expanded view of
the Christchurch region and the four major events in 2010 and 2011 of the Canterbury
earthquake sequence.
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Table 4.1: Table of the nine Mw 5.4 or larger earthquakes that occurred between 2008
and 2015. Mw = Moment magnitude. The average distance is the average of all the
individual monitoring well epicentral distances for each earthquake.

No. Earthquake Epicentre Time, Date (NZST) Mw Depth Average
Location (Latitude, HH:MM (km) distance

Longitude) dd/mm/yyyy
1 Hastings -39.72, 176.85 23:25 25/08/2008 5.4 32 587
2 Dusky Sound -45.77, 166.59 21:22 15/07/2009 7.8 12 500
3 Dar�eld -43.53, 172.17 4:35 4/09/2010 7.1 11 55
4 Christchurch -43.58, 172.68 11:51 22/02/2011 6.2 5 60
5 Christchurch -43.57, 172.74 14:12 13/06/2011 6 7 63
6 Christchurch -43.52, 172.75 15:18 23/12/2011 5.9 7 64
7 Opunake -40.05, 173.76 22:36 3/07/2012 6.2 241 430
8 Seddon -41.60, 174.32 17:08 21/07/2013 6.6 16 291
9 Eketahuna -40.62, 175.86 14:52 20/01/2014 6.3 34 456

4.4 Material and methods

Tidal computation

We quantify the responses of aquifers to tidal strains predicted from astronomical

laws in order to model the temporal evolution of hydraulic and poroelastic parameters

(Bower and Heaton, 1978; Bredehoeft, 1967; Hsieh et al., 1987). The gravitational

e�ects on the Earth of celestial bodies induce Earth deformation and produce tidal

potential energies. The resulting tidal potential spectrum (W ) is the sum of a large

number of components (k):

W =
∑
k

Wk (4.1)

The combination of solar and lunar forcing produces two main groups of compo-

nents, semi-diurnal (2 cycles per day; 2 cpd) and diurnal (1 cpd): O1 (0.9295 cpd); S1
(1 cpd); K1 (1.0027 cpd); M2 (1.9323 cpd); S2 (2 cpd); and K2 (2.0055 cpd; Wilhelm

et al., 1997). Each tidal potential component (Wk) has a corresponding frequency (ωk)

and can be expressed with respect to complex coe�cients (ak):

Wk = ake
iωkt (4.2)

Frequency-domain analysis enables di�erent components of the tidal spectrum to

be identi�ed in water-level time-series from monitoring wells (see Supplementary data).

Wells exhibiting water-level �uctuations caused predominantly by S1, S2, K1 or K2 tend

to be dominated by barometric- and thermal-e�ects (Doan and Brodsky, 2006). Only

water-level �uctuations caused by the M2 and O1 components have a low sensitivity

to thermal and anthropogenic disturbances. Typical amplitudes of the M2 component

are larger than the O1 component (Wilhelm et al., 1997). Also the sea-level sites in
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Canterbury exhibit a larger ocean tide amplitude of the M2 component (∼763 mm)

than the O1 (∼28 mm) component (see Supplementary data). As a result, only water-
level �uctuations caused by the M2 component were considered in the analysis.

We have used the software package Baytap08, modi�ed for application to high-

frequency data, to decompose the observed water-level data (h) into constituent tidal

signals (hk). Baytap08 uses a time-domain Bayesian modelling procedure (Tamura and

Agnew, 2008) to estimate a series of complex coe�cients (ck = Ake
iφlag) such that:

h =
∑
k

hk =
∑
k

ck.
Wk

gR
(4.3)

with gravitational acceleration (g,9.81 m/s2) and radius of the Earth (R,∼6371
km). The ck coe�cients are related to the expected poroelastic response of the aquifer,

relative to the tidal strain. For each tidal component, in the �rst-order geometrical ex-

pansion of the Earth there is a volumetric strain contribution (εk) (Doan and Brodsky,

2006):

εk =
1− 2ν

1− ν
[2l − 6s]

Wk

gR
(4.4)

that depends on Love (l, 0.606) and Shida parameters (s, 0.0840). Of the rock

types for which poroelastic moduli have been systematically collated (Wang, 2000),

down-scaled in the laboratory environment, sandstone appears to be the most compa-

rable to the Canterbury gravel aquifers at depth, in both poroelastic and architectural

(sedimentary facies) terms. Therefore, we assume the Poisson's ratio to be an average

of the sandstone Poisson's ratio compiled by Wang (2000), to represent the Canterbury

gravel aquifers at depth (ν, 0.3). In an undrained porous medium, a change in strain (ε)

would induce a change in pore pressure, p = BKuε governed by Skempton's coe�cient

(B, dimensionless) and the undrained bulk modulus (Ku, GPa). As pk = ρghk:

ck =
1−2ν
1−ν [2l − 6s]

ρg
BKu (4.5)

We term the BKu an apparent BKu, as we assumed here that the tidal variations in

pore pressure were dominated by the poroelastic response to tides. If this assumption

is wrong, the computed value of BKu would exceed poroelastic predictions and not be

representative.
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Water-level �uctuations caused by earth and ocean tides

The tides that cause water-level �uctuations in wells analysed here have two origins,

which we consider below: (1) the poroelastic response to strain variation by earth tides,

and (2) the e�ect of ocean tides by the pore pressure di�usion throughout the aquifer

or direct mechanical loading.

Tidal loading imposes volumetric strain on the Earth (Agnew, 2005). The resul-

tant dilation and contraction of the Earth causes pore pressure variations throughout

groundwater aquifers. However, for shallow uncon�ned aquifers, this pore pressure

�uctuation may be rapidly dissipated by vertical pore pressure di�usion to the surface

(Roelo�s, 1996).

Solar and lunar gravitational loading also produce water level �uctuations in the

ocean, the oceanic tides (Merritt, 2004). Whereas the hydraulic response to earth

tides is typically of the scale of several tens of centimetres, the amplitudes of oceanic

tides can exceed several meters. Ocean tides can induce direct mechanical loading

at the coast. Software like SPOTL (Agnew, 2012) predicts this mechanical loading

from global or regional models of oceanic tides. If ocean tidal gauge time-series data

are available, the loading can by analytically computed from the Boussinesq equation

(Doan, 2005). Pressure changes associated to ocean tides can also be di�used inland

by direct hydraulic connection between the ocean and coastal aquifers. This induces

water-level �uctuations in wells (Ferris, 1951). Analytical solutions (Van der Kamp,

1972) show that oceanic tides can in some situations propagate tens of kilometres inland

(Merritt, 2004), but not always.

There are three states of coupling between monitoring wells and aquifers that control

the recording of pore pressure variations in wells caused by earth and ocean tides in

aquifers (Doan, 2005; Hsieh et al., 1987):

1. Coupled � Permeability is large and/or pore pressure �uctuations are slow, so

that the water-level in monitoring wells perfectly correlates the pore pressure

variation in aquifers.

2. Uncoupled � Permeability is small and/or pore pressure �uctuations are fast, so

that the pore pressure variation in aquifers are not observed in monitoring wells.

3. Transitional � In an intermediate case, the water-level in monitoring wells partly

re�ects the pore pressure in aquifers. The phase lag (φlag) describes the partial

coupling and is dependent on the hydraulic properties around monitoring wells.

In this case, well hydraulic properties can be monitored.

There are cases where both earth and ocean tides contribute to water-level �uctua-

tions in monitoring wells (Doan, 2005, e.g.). There are multiple aquifer con�gurations

and tidal models with respect to coastal aquifers (Merritt, 2004). These include: aquifer
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and overlying con�ning layers cropping out at or near the coastline (Jacob, 1950; Ferris,

1951); a completely con�ned aquifer extending under the sea (Van der Kamp, 1972);

a leaky contained aquifer system extending under the sea for a distance (Li et al.,

2001). Therefore, classi�cation between earth and ocean tides is not entirely strict, as

expected amplitudes are dependent on individual site conditions. A quantitative as-

sessment was adopted to distinguish between monitoring well water-level �uctuations

that result from earth tide, earth and ocean tides, and contaminated/no tide:

1. The �rst criterion was based on the raw amplitude of the M2 component, which

di�erentiated between the tidally-sensitive and tidally-insensitive wells. Any wells

with a tidal M2 amplitude <1 mm were classi�ed as having no tides as �uctua-

tions were lower than measurement uncertainties. Furthermore, wells exhibiting

�uctuations caused predominantly by S1, S2, K1, or K2 were classi�ed as having

contaminated/no tide.

2. The second criterion was based on the magnitude of the apparent BKu, consid-

ering only the wells that were classi�ed as tidally-sensitive wells, according to

the previous criterion. In the wells studied, there are variable lithologies from

gravels, to sandstones with varying degrees of compaction, therefore, an aver-

age of the sandstone BKu values was taken as the maximum acceptable BKu

for the Canterbury Plains aquifer system (12 GPa Wang, 2000) as sandstone is

the most comparable in both poroelastic and architectural (sedimentary facies)

terms. The BKu value was only used to discriminate between wells contain-

ing �uctuations associated with (1) earth + ocean and (2) ocean tides and not

taken de�nitively. Pressuremeter tests were deemed not suitable for assessment

of poroelastic moduli as interpretation methods can lead to large di�erences in

parameters obtained (Mair and Wood, 2013). Water-levels that predominantly

responded poro-elastically to tides, have an apparent BKu <12 GPa. When ap-

parent BKu >12 GPa, water-levels most likely responded to ocean tides as the

apparent BKu exceeds poroelastic predictions.

3. A qualitative assessment on the water-level �uctuations also assisted classi�ca-

tion, where earth tide �uctuations contain proportionately larger O1 amplitudes

than M2 amplitudes, compared to earth and ocean tide �uctuation (see Supple-

mentary data).

69



4.4 Material and methods

Earthquake-induced tidal behaviour changes

The φlag was computed in 30 day windows shifted in 7.5 day increments. The 30 day

window analysis was computed in 10 separate analyses between January 2008 and Jan-

uary 2015. Each of the 10 analyses corresponds to an inter-seismic period (Table 4.2).

The tidal analyses started one day after and stopped one day before each earthquake.

The time of the earthquakes were never included in the analyses, to avoid abnormal

water-level changes adversely a�ecting the calculation of tidal e�ects. The phase lag

is generally negative and should range between -80 and 0 degrees, corresponding with

horizontal permeability (Hsieh et al., 1987). However, positive phase lag can occur for

multiple reasons: ocean tides; anisotropy (fracture orientation; Bower, 1983); lateral

boundaries; and changes in cavity and topography (e.g. Harrison, 1976). Attenuation

of tidal amplitude and decrease in phase lag also occurs with decreased con�nement

and increased leakage (Roelo�s, 1996). In this study, φlag decreases and φlag increases

have been interpreted as horizontal permeability increases and decreases respectively,

as in previous studies (Elkhoury et al., 2006; Roelo�s et al., 2003; Xue et al., 2013).

We do not constrain the true phase lag values with sophisticated models of the wells

and aquifers, as this study is not well speci�c, and pumping tests and bore logs are

not readily available. This is a multi-site, multi-earthquake study that investigates the

absolute change in phase lag induced by earthquakes.

Earthquake-induced water-level changes

Earthquake-induced water-level changes can be split into co-seismic and post-seismic

components. Studies have de�ned water-level changes during and after earthquake

shaking as purely co-seismic (e.g. Shi et al., 2015a) while others use the term co-seismic

when groundwater is sampled hourly (e.g. Wang et al., 2004a). To save confusion and

for a more accurate use of the terms, in this study we have de�ned co-seismic as

water-level changes that occur during earthquake shaking and post-seismic as water-

level changes that occur after earthquake shaking has ceased. Since monitoring well

water-levels were sampled every quarter-hour, observed changes were considered post-

seismic and not co-seismic. The amplitude, polarity and duration of these post-seismic

water-level changes were recorded. Water-level changes were also classi�ed as either

transient (returning to pre-earthquake levels within two hours) or persistent (lasting

several days).

To perform a systematic comparison between water-level and tidal behaviour changes,

the comparison must take place on a similar time scale of response time, as response

longevity is partly-determined by the induced processes. Considering tidal behaviour

changes in this study were observed over 7.5 day increments in 30 day windows (a

minimal analysis duration to ensure good separation between the M2 and S2 tidal com-
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ponents), only persistent water-level changes have been examined. A series of short

earthquake-induced �uctuations that returned to background levels within two hours,

are termed transient and recorded as �no change� as they represent transitory changes

which tidal analysis was unable to detect.

Stress changes

Earthquake-induced stress changes can be of static or dynamic sources, and vary-

ingly decrease with distance from the earthquake (Manga and Brodsky, 2006). The

distance r from the epicentre can be summarized as follows: near-�eld representing

distances within ∼one ruptured fault length, far-�eld representing distances multiple

times greater than the fault length, and intermediate-�eld for distances in between

(Wang and Manga, 2010a). Static stress changes decay at ∼ 1/r3 and are most sig-

ni�cant in the near-�eld (Lay and Wallace, 1995; Manga and Wang, 2007). Dynamic

stress changes are of a higher magnitude than static stress changes and decrease at

∼ 1/r1.66 (Lay and Wallace, 1995). Dynamic stress changes dominate at intermediate

to far-�eld distances (Wang and Manga, 2010a).

Wakita (1975) proposed that persistent water-level responses re�ect earthquake-

induced static strain perturbations, reinforced by subsequent studies (Akita and Mat-

sumoto, 2004; Chia et al., 2008; Jónsson et al., 2003; Quilty and Roelo�s, 1997; Roelo�s,

1996). However, the magnitude of water-level responses in the intermediate- and far-

�eld are often larger than predicted by poroelastic theory (Manga and Wang, 2007).

The spatial distribution of hydrological responses induced by the Dar�eld earthquake

(∼55 km average distance), is inconsistent with static stress change calculations (Zhan

et al., 2011) and has been interpreted as a consequence of dynamic stresses (Cox et al.,

2012; Rutter et al., 2016). Most of the wells considered here are in the intermediate- or

far-�eld with respect to the earthquake sources, therefore, only dynamic stress changes

have been considered. The peak dynamic stress (PDS) change (σD, GPa) were calcu-

lated (Jaeger and Cook, 1979):

σD ∼
µSuD
vs

(4.6)

with maximum peak ground velocity (PGV; uD, m/s), shear modulus (µS, GPa)

and shear-wave velocity at the monitoring well (vs, m/s). In this study, maximum PGV

was calculated at seismic stations and interpolated to wells using the nearest neighbour

method (Ebdon, 1985). The small-strain shear modulus is a function of the void ratio

and the e�ective mean con�ning stress (Clayton, 2011; Hardin and Drnevich, 1972).

Considering the monitoring wells are generally shallow (<100 m), a shear modulus

value of 0.14 GPa was used, an arithmetic mean of the small-strain shear modulus for

unconsolidated gravels (Chen et al., 2018). Although the shear modulus is in�uenced by
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the gravel content, the shear modulus only varies over ±0.2 MPa. Shear-wave velocities

were based on geological site classi�cation (Horspool et al., 2015). Uncertainties in

shear-wave velocity (±30 m/s), peak ground velocity (±1 mm/sec), shear modulus

(±0.2 MPa), and the simple relationship employed for estimating PDS, require us to

use PDS only as an approximation, as error margins can be over ∼10% of calculated

values.

Uncertainties and assumptions

Tidal behaviour and water-level changes were observed after seismic events, and it

is assumed the largest magnitude event was the cause of the perturbation. In this

study, secondary events are assumed to not induce a hydrological change. There is a

possibility, however, that perturbations could alternatively have been the result of, or

enhanced by, smaller magnitude aftershocks or near-�eld earthquakes.

There have been attempts to assess the potential for tidal behaviour and water-

level changes to re�ect precursory seismic processes (Liu et al., 2013). Considering the

heterogeneity of the Canterbury aquifer system (Dann et al., 2008), seasonal changes in

hydraulic head are expected to cause a deviation in mechanical and hydraulic properties

(Miller and Shirzaei, 2015). With such variability, small precursory earthquake signals

are unlikely to be detected, but we assume they are small and/or rare, and so have

been ignored.

Many wells incurred damage as a result of the Canterbury earthquake sequence.

The elevation of several monitoring well heads changed, as a result of buoyant rise

of casing and/or ground subsidence, which a�ected the measurement of water levels,

so necessitated re-surveying. Elsewhere, damaged logger equipment and screens were

replaced and re-pumped. New elevations were used where re-surveying was completed,

otherwise it was assumed any anthropogenic in�uence on the data or data-quality were

either minor or easily identi�ed and corrected.

Absolute ground-water levels are generally known to ±50 cm relative to sea-level,

once corrected for barometric pressure variations and surveying uncertainty. Relative

ground-water level changes are known much more precisely, with changes induced by

earthquakes and or tides occurring on scales of ±1 cm.
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4.5 Results

Identi�cation of the origin of the tides

Water-level �uctuations caused by earth and ocean tides contain similar components

of the tidal spectrum, even though di�erent processes produce them. It is important to

identify water-level �uctuations caused by earth and ocean tides and determine which

cyclic phenomenon is predominantly responsible.

Earth tide monitoring wells are generally far from the shore and at depths exceeding

60 m, whereas monitoring wells containing a combination of earth and ocean tides are

generally close to the shore (within 6 km of the coast) and of shallow depths (Figure

4.2, 4.3, 4.4). The water-level �uctuations caused by ocean tides had amplitudes up to

460 mm, signi�cantly larger than that of water-level �uctuations caused by earth tides

(<19 mm). The water-level �uctuations caused by ocean tides were of the same order

of magnitude as the sea-level gauge amplitude (∼763 mm, see Supplementary data).

Monitoring wells insensitive to tides may be too shallow to be in�uenced by earth or

ocean tides (Figure 4.2, 4.3).

Of the 161 wells, only 35 (22 %) were considered sensitive to tides (Figure 4.2). Of

the 35 wells sensitive to tides, seven (∼4 % of the original wells) are sensitive to earth

tides, and 28 (∼17 %) sensitive to earth and ocean tides.
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Figure 4.2: Monitoring well tides were characterised by the overall M2 amplitude and
BKu from 2008 to 2012. (a � Top) M2 amplitude as a function of well depth. (b �
Bottom) M2 BKu plotted against distance to shore. The Canterbury region M2 ocean
tidal amplitude, and the average BKu for sandstones from Wang (2000), are included
for reference.
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Figure 4.3: (A � Centre left) Distribution of monitoring wells in Canterbury, identi�ed
by the pre-dominant tide that caused water-level �uctuations. (B � Bottom Right)
Expanded view of the Christchurch region. The major river networks are included for
reference.

Figure 4.4: A schematic of the coastal Canterbury plains aquifer system. The schematic
shows the zone of in�uence for water-level �uctuations caused by earth and ocean tides.
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Earthquake-induced tidal behaviour changes

We focus on the time evolution of the tide-sensitive wells. We investigate the change

in the M2 φlag induced on these wells by any of the 9 earthquakes studied (Table 4.4).

The M2 φlag was compared in the inter-seismic period before and after each earthquake

(Figure 4.5). If the absolute change in M2 φlag after each earthquake was larger than

the M2 φlag natural variation, the polarity and amplitude of change was recorded.

In the 35 monitoring wells, nine responses of M2 φlag occurred. Earthquake-induced

tidal behaviour changes occurred as a result of the Dar�eld (Mw 7.1), Christchurch

(Mw 6.2, 6.0, 5.9) and Opunake (Mw 6.2) earthquakes. There were seven cases of φlag
decreasing and two cases of φlag increasing. The largest φlag increase was 26◦ and φlag
decrease was 57◦. M2 φlag change occurred four times in only one monitoring well that

displayed earth tides: H39/0148 (Figure 4.5 and 4.6). The lowest PDS (peak dynamic

stress) required for an earth tide behaviour change in H39/0148 was ∼0.2 kPa (Figure
4.7). In H39/0148 which has a large variation in seasonal hydraulic head (Figure 4.5),

tidal behaviour may be in�uenced by changes in boundary conditions. M2 φlag change

occurred �ve times in monitoring wells that displayed ocean tides. The �ve changes

occurred once in three wells and twice in one well (Figure 4.6). The lowest PDS required

for an ocean tide behaviour change was ∼2 kPa. In the clustered wells sub-set, only two
wells responded to an earthquake with a tidal behaviour change (Figure 4.6). There is

no clear statistical di�erence between no tidal behaviour change and tidal behaviour

change, based on PDS, in these gravel aquifers (Figure 4.7).

Table 4.3: Table of the M2 φlag response types that occurred as a result of the nine Mw

5.4 or larger earthquakes in the 35 tidally sensitive monitoring wells. In 90 instances,
monitoring wells lacked water-level data before and/or after the earthquake of interest
and no change in tidal phase behaviour could be detected. In 234 cases, no earthquake-
induced change in tidal phase behaviour were observed.

Earthquake Total No data No response φlag decrease φlag increase

Hastings 35 6 29 0 0
Dusky Sound 35 4 31 0 0

Dar�eld 35 8 25 1 1
Christchurch (Feb) 35 15 18 1 1
Christchurch (Jun) 35 14 20 1 0
Christchurch (Dec) 35 10 24 1 0

Opunake 35 12 20 3 0
Seddon 35 11 24 0 0

Eketahuna 35 9 26 0 0

Total 315 89 217 7 2
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Figure 4.5: Water-level and M2 φlag time-series for the �ve monitoring wells that
showed a tidal change. The graphs are ordered in terms of distance from shore (a �
Top left) K38/1706; (b � Middle left) K38/1821; (c � Bottom left) M36/7535; (d � Top
right) M36/5384; and (e � Middle right) H39/0148. The occurrence of the nine Mw

5.4 or larger earthquakes are displayed with dashed black lines. Tidal phase behaviour
changes identi�ed are highlighted in Figure 4.6.

Earthquake-induced water-level changes

Within the 161 wells monitored during the nine earthquakes, there were a total of

203 water-level changes, with 122 increases and 81 decreases (Table 4.6). The water-

level changes ranged from −94 to 240 cm. The Hastings (Mw 5.4) earthquake did not

produce persistent changes (Table 4.6). The di�erent earthquakes generally produced

water-level changes of di�erent polarities in each monitoring well. In ∼38 % (earth tide

subset), ∼22 % (ocean tide subset) and ∼ 19% (no tide subset) of instances, a water-

level change occurred (Figure 4.7). In the earth and ocean tide subsets, the maximum

number of changes observed in an individual well was four times. Nine wells had no

response to any of the nine earthquakes. In the individual well clusters, in the rare case

that water-level changes occurred in all wells in response to a particular earthquake,

water-level change polarity was inconsistent (Figure 4.6). For PDS values <∼10 kPa,

it is more than likely that no water-level change will occur. For PDS values >∼50
kPa, it is more than likely that a water-level change will occur. Between ∼10 kPa

and ∼50 kPa, there is a transition from no water-level change to a water-level change
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(Figure 4.7). An increased sensitivity to rainfall after the February 2011 earthquake in

M36/7535 (Figure 4.5), may suggest a change in the level of con�nement.

Table 4.5: Table of the post-seismic water-level changes that occurred as a result of
the nine Mw 5.4 or larger earthquakes in the 161 monitoring wells. In 308 instances,
monitoring wells lacked water-level data before and/or after the earthquake of interest,
therefore, a water-level change could not be deduced. In 866 cases no earthquake-
induced water-level change was observed, while a response was observed in 203 cases.

Earthquake Total No data No change Increase Decrease
Hastings 161 55 106 0 0

Dusky Sound 161 35 98 7 21
Dar�eld 161 23 48 62 28

Christchurch (Feb) 161 48 75 33 5
Christchurch (Jun) 161 45 87 11 18
Christchurch (Dec) 161 34 119 4 4

Opunake 161 44 115 2 0
Seddon 161 53 101 2 5

Eketahuna 161 43 117 1 0
Total 1449 308 866 122 81

Comparison of tidal behaviour and water-level changes

For the most part, tidal behaviour and water-level changes occurred independently

(Figure 4.8). There were four tidal behaviour changes, and 53 water-level changes

that occurred independently. Only in four cases did tidal behaviour and water-level

changes occur simultaneously. Of these four cases, two included a φlag decrease and

two included a φlag increase (Table 4.8). In the well clusters, only one tidal behaviour

change occurred with a water-level change (M36/5384, Dar�eld earthquake; Figure 4.6).

In most other cases, water-level changes occurred independently either in one or two

wells within each cluster. Water-level changes that occurred without tidal behaviour

changes, generally equilibrated sooner (∼50 mins) than those with tidal behaviour

changes (∼240 mins to ∼10 days; Figure 4.9).
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Table 4.7: Combination tally of tidal behaviour and water-level changes that occurred
in each monitoring well in response to the nine Mw 5.4 or larger earthquakes.

Tidal change behaviour No data No change Change
No data 82 4 2

No response 19 153 45
φlag decrease 1 4 2
φlag increase 0 0 2

Figure 4.6: The tidal behaviour and water-level changes that occurred in the 35 moni-
toring wells in response to the nine Mw 5.4 or larger earthquakes. The tables are ordered
in terms of distance to shore (see Supplementary data). Well clusters represented are
wells that are in proximity to each other (< 20 m; see Supplementary �gures). (a �
Top) A table of the earth and ocean tide monitoring well response history. (b � Bot-
tom) A table of the earth tide monitoring well response history. Earthquake numbers
refer to Table 1.
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Figure 4.7: Interpolated peak dynamic stress produced by the nine Mw 5.4 or larger
earthquakes and tidal behaviour and water-level changes. * = φlag decreases oc-
curred after the 2012 Mw 6.2 Opunake earthquake in two monitoring wells (K38/1821,
K38/1706) that are close to each other (<3 m horizontal separation) and have identical
peak dynamic stresses.
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Figure 4.8: Cross-plots comparing water-level and M2 φlag changes. Monitoring
wells are distinguished by tide type. This �gure illustrates that at individual sites,
earthquake-induced changes in water-level were generally independent of tidal be-
haviour changes.

4.6 Discussion

Mechanisms for water-level and tidal behaviour change

Numerous mechanisms may cause changes in water-level and tidal behaviour following

earthquakes. Shear-induced dilation in unconsolidated deposits (Wang et al., 2001)

occurs when cyclic shear strains exceed a threshold of ∼10-4 (Luong, 1980). An increase
in porosity, and a decrease in pore pressure leads to consistent earthquake induced

water-level decreases (Wang and Chia, 2008). At a lower cyclic shear strain, still

exceeding ∼10-4 (Dobry et al., 1982; Vucetic, 1994), shear-induced consolidation and

liquefaction occurs (Wang et al., 2001; Wang, 2007), resulting in consistent earthquake

induced water-level increases (Wang and Chia, 2008). In this study, the Canterbury

earthquakes of 2010 and 2011 induced seismic shaking that exceeded the threshold for

liquefaction (∼0.1 J/m3 Wang et al., 2006) at the majority of monitoring wells. The

2010 Mw 7.1 Dar�eld and the 2011 Mw 6.2 Christchurch earthquake both induced a

tidal behaviour change in two separate monitoring wells, probably related to a decrease

in permeability. A simultaneous increase in water-level was observed at these wells.

Furthermore, the 2010 Mw 7.1 Dar�eld earthquake induced post-seismic persistent

water-level increases in the near-�eld (see Supplementary data). These observations
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Figure 4.9: Box plots showing the duration of water-level changes when occurring
independently and simultaneously with an M2 φlag response. This �gure shows that
water-level changes which occur simultaneously with tidal behaviour changes had gen-
erally longer durations (∼240 minutes to 10 days) than those that occurred without
tidal behaviour changes (∼15 to 350 minutes).

are consistent with reductions in permeability measured by step-drawdown tests in the

vicinity of the Dar�eld epicenter, three years after the event (Rutter et al., 2016), and

shear-induced consolidation.

High levels of seismic shaking can also cause breaching of aquitards and enhance-

ment of vertical permeability (Wang et al., 2016). Considering the Canterbury aquifer

system at depth is artesian, any enhancement of vertical permeability would result

in the upward movement of groundwater. The 2010 Mw 7.1 Dar�eld and the 2011

Mw 6.2 Christchurch earthquakes induced water-level decreases in con�ned aquifers

and water-level increases in uncon�ned aquifers, indicative of upward movement of

groundwater (Gulley et al., 2013). In Taiwan, Wang et al. (2016) studied clustered

well responses to the 1999 Mw 7.6 Chi-Chi earthquake and interpreted the convergence
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of water-levels in strati�ed aquifers and post-seismic phase response similarity in con-

�ned and uncon�ned aquifers, to be evidence of vertical enhancement of permeability

and upward movement of groundwater. In the seven clusters studied here, water-level

changes occur independently most of the time. Only two instances of tidal behaviour

change occurred, one decrease in permeability (above the liquefaction threshold) and

one increase in permeability in the intermediate-�eld, in response to the 2012 Mw 6.2

Opunake earthquake. The clustered wells in the data-set studied here show no sub-

stantial evidence for enhancement of vertical permeability. Unfortunately, monitoring

wells with earth and/or ocean tides in the Canterbury Plains are scarce, and thus

signi�cantly reduce the data-set for assessing this hypothesis.

At lower levels of shaking, horizontal permeability can be enhanced or reduced by

the re-distribution of colloidal particles. Seismically induced groundwater �ow veloc-

ities (Wang et al., 2009) have the potential to dislodge colloids from �ow pathways

and enhance permeability (Brodsky et al., 2003; Matsumoto et al., 2003; Wang and

Chia, 2008). Seismic shaking may also mobilize sediment that further blocks these

�ow pathways (Rutter et al., 2016). The dislodging of colloids may result in random

polarity of resultant water-level changes (Wang and Chia, 2008). Controlled experi-

ments of pore unclogging (Elkhoury et al., 2011; Liu and Manga, 2009) and earthquake

induced groundwater color changes (Prior and Lohmann, 2003) support the hypothesis

of permeability enhancement via colloidal dislodgement. Considering the Canterbury

gravel aquifer system is made up of highly permeable open framework gravels that

accommodate ∼98 % of �ow through ∼1 % of the aquifer (Dann et al., 2008), it is

perhaps possible to induce substantial permeability change by colloidal re-distribution

in preferential �ow pathways. Such changes could also occur in the immediate sur-

roundings of a monitoring well (Shi et al., 2015b) or at �ow boundaries. Water-level

changes, both increases and decreases, and tidal changes which occurred below the liq-

uefaction threshold may have resulted from colloidal re-distribution, either enhancing

or reducing permeability.

Peak dynamic stress

We compare the peak dynamic stress (PDS) required to induce water-level and tidal be-

haviour changes in the Canterbury gravel aquifers. Permeability reduction detected by

tidal behaviour changes in the 2010 Mw 7.1 Dar�eld and the 2011 Mw 6.2 Christchurch

earthquake, required a PDS of ∼200 kPa (Figure 4.7). We suspect the permeability

reduction coupled with post-seismic water-level increases is a result of shear-induced

consolidation which requires a high level of shaking (Vucetic, 1994).

The minimum PDS required for permeability increase in the Canterbury gravel

aquifers is ∼0.2 to 100 kPa (Figure 4.7). However, owing to an insu�cient number of

tidal responses, there is no clear distinction between the presence and absence of tidal
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behaviour changes based on PDS. Water-level changes are more than likely to occur

above ∼50 kPa and more than likely to not occur below ∼10 kPa (Figure 4.7).
Although the hypotheses may provide explanations for water-level and tidal be-

haviour changes observed in this study, in the vast majority of instances monitoring

wells that experience a PDS from ∼10-1 to 103 kPa did not respond to the earthquakes

with persistent tidal behaviour and/or water-level changes. The monitoring wells that

didn't respond may be screened in aquifers that have high storage capacities or have

poor permeability. This in-turn may result in a higher shaking threshold required for

a change to be observed as the monitoring well and aquifer are uncoupled (Doan and

Brodsky, 2006; Hsieh et al., 1987). The low bulk modulus of unconsolidated grav-

els may also contribute to monitoring wells not responding with water-level or tidal

behaviour changes (Roelo�s, 1998). Other shaking (source factors) and/or hydrogeo-

logical (receptor factors) parameters may also control the threshold for tidal behaviour

and water-level changes.

Comparison of tidal behaviour and water-level changes

The results here show signi�cant inconsistency between tidal behaviour and water-level

changes. Only ∼2 % of the cases had a water-level change that occurred simultaneously

with a tidal behaviour change (cf. 33 %, 43% Shi et al., 2015b; Yan et al., 2014).

Water-level changes that occurred without tidal behaviour changes took a median of

∼50 minutes to re-equilibrate at the new post-seismic water-level (Figure 4.9). The

fast re-equilibration time may be a result of high permeability and good coupling

between the monitoring well and aquifer (Doan and Brodsky, 2006; Hsieh et al., 1987).

Furthermore, the water-level changes may have returned to pre-earthquake levels sooner

than 30 days after the earthquake, possibly resulting in no small tidal behaviour change

being detected. Tidal changes may also not have been observed in these cases, possibly

due to the unconsolidated gravels having a relatively low bulk modulus (Roelo�s, 1998),

and thus being less sensitive to tidal behaviour changes than other rock types. It should

also be considered that these water-level changes may represent permeability changes

in the local surroundings, hence the short re-equilibration time. The small-scale (m)

nature of these permeability changes may be too small to alter tidal behaviour (Shi

et al., 2015b).

In each monitoring well, the di�erent earthquakes generally produced water-level

changes of di�erent polarity, which is in contrast with some previous observations (e.g.

Roelo�s, 1998; Wang and Chia, 2008). This is not surprising considering the variety in

shaking amplitude, duration, and frequency experienced across the earthquake inter-

vals. Monitoring wells were not consistently in the near- or intermediate-�eld for the

data-set, thus were subject to variable shaking intensities. Furthermore, aquifer sus-

ceptibility to earthquake-induced process may have changed through each successive
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earthquake (Elkhoury et al., 2006; Xue et al., 2013), although there does not appear

to be any signi�cant change in ground strength following the Canterbury earthquake

sequence (Lees et al., 2015; Orense et al., 2012).

Water-level changes that occurred with tidal behaviour changes took from ∼240
mins to ∼10 days to re-equilibrate at the new post-seismic water-level (Figure 4.9).

The re-equilibration time was larger than for independent water-level changes. Tidal

behaviour changes indicated an equal number of permeability increases and decreases.

These water-level and tidal behaviour changes may re�ect transitional coupling between

the monitoring well and aquifer due to lower permeability (Doan and Brodsky, 2006;

Hsieh et al., 1987). The permeability changes may occur on a larger scale than per-

meability changes detected by independent water-level changes, as water-level changes

also occurred in nearby wells where present (see Supplementary �gures).

There are instances where tidal behaviour changes occur without water-level changes,

requiring a new explanation. We hypothesize that perhaps low permeability resulted

in an uncoupled state between monitoring wells and aquifers. Under these conditions

permeability changes in aquifers might not be observed in monitoring wells on the

time-scale that water-level changes are identi�ed (days), but may still be detected on

the time-scale of tidal behaviour changes (30 days). Low signal to noise ratio may also

prevent water-level changes being recorded.

4.7 Conclusion

1. In the near-�eld of the Canterbury earthquake sequence of 2010 and 2011, per-

meability reduction and increased water-level support the hypothesis of shear-

induced consolidation. The hydrological responses to the earthquakes north and

south of Canterbury included variable water-level change polarity and rare tidal

behaviour change, suggesting permeability enhancement or reduction in the local

aquifer.

2. Water-level changes that occurred without tidal behaviour changes took ∼50
minutes to re-equilibrate at a new post-seismic water-level, while those that oc-

curred with tidal behaviour changes took from ∼240 minutes to ∼10 days to

re-equilibrate. The fast re-equilibration time of independent water-level changes

may be due to a high permeability and good coupling between the well and the

aquifer, and/or small permeability changes in the local aquifer. Tidal behaviour

changes may have also not been observed due to the low bulk modulus of the

gravels. Water-level changes that occurred with tidal behaviour changes may oc-

cur on a larger scale than independent water-level changes, as water-level changes

also occurred in nearby wells where present.
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3. The minimum peak dynamic stress required for a tidal behaviour change in the

Canterbury gravel aquifers was ∼0.2 kPa for wells containing earth tides and ∼2
kPa for well containing ocean tides. Water-level changes were more than likely

to occur above ∼50 kPa and were more than likely to not occur below ∼10 kPa.
However, there was no clear distinction between the presence and absence of tidal

behaviour and water-level changes based on peak dynamic stress.
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5 Aquifer susceptibility to

earthquake-induced persistent groundwater-

level

changes

5.1 Abstract

A probabilistic model for earthquake-induced groundwater response as a function of

Modi�ed Mercalli (MM) shaking intensity has been constructed using an internationally

signi�cant catalogue of monitoring well observations during earthquakes. The study

constitutes a regional-scale multi-site multi-earthquake investigation encompassing the

occurrence and absence of responses, over a decade of seismic shaking. Persistent

groundwater-level changes, or absence of change, have been quanti�ed in 495 moni-

toring wells in response to one or more of 11 recent New Zealand earthquakes larger

than Mw 5.4 between 2008 and 2017. A binary logistic regression model with ran-

dom e�ects has been applied to the dataset using three predictors: earthquake shak-

ing (peak ground velocity), degree of con�nement (monitoring well depth) and rock

strength (site average shear-wave velocity). Random e�ects were included as a partial

proxy for variations in monitoring wells' susceptibilities to earthquake-induced persis-

tent water-level change. Marginal probabilities have been calculated as a function of

PGV and MM intensity, and the likelihood of persistent water-level changes computed

for MM intensities II to VIII. This study is the �rst attempt at incorporating both seis-

mic and hydrogeological factors into a probabilistic framework for earthquake-induced

groundwater level changes. The framework is a novel and more generalizable approach

to quantifying responses than alternative metrics based on epicentral distance, mag-

nitude and seismic energy density. It has potential to enable better comparison of

international studies and to inform practitioners making decisions around investment

This chapter has been written as a research manuscript and has been submitted for consideration
in the international journal Bulletin of the Seismological Society of America in October 2018. Co-
authors contributed to the making of this manuscript. R. Arnold assisted with research design, analysis
of results and reviewed the manuscript. J. Townend and S. C. Cox provided conceptual discussion,
reviewed the manuscript and obtained funding.
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to mitigate risk and increase the resilience of water supply infrastructure.

5.2 Introduction

Deriving a deeper understanding of what causes earthquakes to induce hydrological

responses in aquifers is important as it can give insight into crustal hydromechanics,

support infrastructural decision-making in seismically active regions, and assist with

the quanti�cation and mitigation of natural hazards. For example, crustal �uids are

mechanically involved within all stages of the earthquake cycle and play a key role in

the rupture-reactivation-cementation cycle (Dempsey et al., 2014; Sutherland et al.,

2012; Boulton et al., 2017). Seismicity and associated groundwater �ow may also

compromise the longevity of CO2 (Zoback and Gorelick, 2012; Gleeson and Ingebrit-

sen, 2016), waste-water (Keranen et al., 2014) and nuclear waste (Carrigan et al., 1991)

storage. The intensity of shaking may further cause damage to water-supply infrastruc-

ture (Roelo�s et al., 1995; Zemansky et al., 2012). Earthquake-induced groundwater

changes can have potentially diverse and large impacts within the urban environment,

whether by contributing to �oods by rising springs (Chen and Wang, 2009), increasing

groundwater-fed stream discharge (e.g. Manga, 2001, 2003), or by changing groundwa-

ter chemistry and quality (e.g. Prior and Lohmann, 2003; Cox et al., 2015). As these

responses can be both wide-reaching (e.g. Weingarten and Ge, 2014) and long-lasting

(e.g. Rutter et al., 2016), a susceptibility analysis of earthquake-induced groundwater-

level changes will bene�t hazard assessment during future earthquakes.

Previous studies

Earthquakes are inferred to induce groundwater-level changes of di�erent amplitudes,

durations, and polarity of response in several ways (Wang and Manga, 2010a). These

include for example: static-stress-induced volumetric strain changes (e.g. Wakita, 1975;

Jónsson et al., 2003); shear-induced consolidation and dilatation (Wang et al., 2001);

enhancement of permeability by removal of colloidal blockages (Brodsky et al., 2003);

and the enhancement of fracture permeability sub-horizontally (O'Brien et al., 2016)

and sub-vertically (Wang et al., 2016).

A general reference used to study groundwater-level changes is the magnitude of

the earthquake and the epicentral distance of the hydrological response. The use of this

metric is particularly useful due to its applicability to the many historic documentations

of responses that lack any other hydrological or seismological characteristics (Wang and

Manga, 2010b). A comparable parameter is seismic energy density (e, J/m3), which is

computed based on an empirical relationship between magnitude (M) and epicentral
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distance (r, km; Wang, 2007):

M = 2.7 + 0.69log(e) + 2.1log(r) (5.1)

Although this relationship was originally derived in southern California, seismic en-

ergy density has been utilised to study many types of hydrological responses worldwide

(Wang and Manga, 2010b). However, the empirical relationship between magnitude,

energy, and epicentral distance does not incorporate the e�ect of either rupture directiv-

ity or site-speci�c hydrogeological factors (Wang and Manga, 2010a). Hydrogeological

factors such as degree of con�nement (Roelo�s, 1996) or �ow properties (e.g. Faoro

et al., 2012; Manga and Wang, 2007) do contribute to a monitoring well's capacity to

exhibit a water-level change. Moreover, the characteristics and distribution of seismic

energy vary with rock type (Bard and Riepl-Thomas, 2000; Wang, 2007; Wang and

Manga, 2010a), and thus potentially from one region to another.

Although hydrologic responses are common and often experienced at great distances

from an earthquake source, not all monitoring wells will exhibit groundwater-level

changes. It is not uncommon for wells to experience high levels of seismic shaking with

no discernible hydrologic response, while neighbouring wells do respond (e.g. Cox et al.,

2012). Unresponsive wells may result from the aquifer and/or the well and monitoring

system. Aquifers with low transmissivity and/or high storage capacities may prevent

responses being recorded at the monitoring wells. A low sampling resolution and/or

a large noise to signal ratio could result in low resolution measurements of the water-

level and any changes that occur. Monitoring well site conditions may also in�uence

response recordings with precipitation, pumping or large seasonal variations having an

e�ect on water levels. Although numerous studies have documented a range of water-

level changes in response to di�erent earthquakes and widely variable shaking intensities

(e.g. Shi et al., 2014, 2015b), monitoring wells that do not respond are generally ignored,

meaning that the occurrence/non-occurrence threshold for groundwater-level changes

has not been studied in detail.

Binary logistic regression is a commonly used statistical method in environmental

research and permits the simultaneous use of categorical and continuous variables as

predictors of a binary outcome (Hosmer and Lemeshow, 1989). Logistic regression

has been used in a variety of natural hazard studies, including studies of earthquake-

triggered landslide susceptibility (García-Rodríguez et al., 2008; Lee and Pradhan,

2007; Bai et al., 2010), aquifer vulnerability to contaminants (Twarakavi and Kalu-

arachchi, 2005; Winkel et al., 2008), and earthquake-induced stream�ow responses

(Mohr et al., 2018). In this study, we used binary logistic regression to assess the

earthquake-induced threshold between persistent and non-persistent groundwater-level

changes in New Zealand aquifers. The susceptibility assessment tested the contribu-

tions of seismic and hydrogeological factors to this threshold.
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The main aims of this study were to (a) determine the relationships of seismic and

hydrogeological factors to the occurrence and non-occurrence of earthquake-induced

groundwater-level changes, and to (b) supplement the environmental response crite-

ria of the New Zealand MM scale, with groundwater-level changes in a probabilistic

framework. The dataset collated is the most extensive multi-earthquake multi-site

dataset compiled in New Zealand (cf. O'Brien et al., 2016) and of a scale comparable

with the world-wide catalogue of events (Wang and Manga, 2010a), and this study

represents the �rst attempt at incorporating both seismic and hydrogeological factors

into a probabilistic framework for earthquake-induced groundwater-level changes. The

implications for earthquake-induced groundwater-level changes for seismic hazard as-

sessments in New Zealand are brie�y discussed within the context of the New Zealand

MM scale.

5.3 New Zealand tectonics and hydrogeology

New Zealand's basement rocks were formed by plutonism on the margin of Gondwana,

and terrane accretion during the Paleozoic (Western Province) and Mesozoic (Eastern

Province; Landis and Coombs, 1967; Coombs et al., 1976). Late-Cretaceous Gondwana

rifting and break-up later ensued, followed by Eocene-Quaternary evolution of the still-

active plate boundary (Cox and Sutherland, 2007). The basement rocks are collectively

termed the Austral Superprovince, and the late-Cretaceous-Holocene Zealandia cover

is termed the Zealandia Megasequence (Mortimer et al., 2014).

In New Zealand, there are a variety of compositionally diverse aquifers that were

formed mainly during the Tertiary and Quaternary geological periods. Sedimentary

aquifers are formed within shallow marine (e.g. deltaic, carbonate) and deep marine,

and terrestrial (e.g. glacial, aeolian) sedimentary deposits. The mixed clast compo-

sition re�ects the varied source rock geology (White, 2001). In central New Zealand

(Marlborough and Greater Wellington regions) and the Canterbury region, the sedi-

mentary cover depositional sequences are a result of tectonic movement and eustatic

sea-level change in the Quaternary geological period (Forsyth et al., 2008). The shal-

low water-bearing stratigraphy consists of sequences of coarse alluvial deposits and �ne

marine sediments (Jones and Baker, 2005). Transgression/regression sequences created

the inter-bedded deposits in coastal areas (e.g. Taylor et al., 1989), resulting in large

variations in permeability and storage capacity (e.g. Bal, 1996). Volcanic aquifers of

scoriaceous and ignimbrite deposits formed in the central North Island from volcanic

activity within the Taupo Volcanic Zone. Fractured Mesozoic-Cretaceous metamor-

phic bedrock also stores groundwater, but is unsuitable for water supplies due to low

yield and permeability (White, 2001). Wells from these di�erent aquifer settings are

represented in the dataset.
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5.4 Seismic and hydrological monitoring, and the

classi�cation of data

In this study, we analysed the responses to 11 earthquakes larger than Mw 5.4 that

occurred in New Zealand between 2008 and 2017 (Figure 5.1, Table 5.1). We com-

piled seismograms from all over New Zealand, from 306 strong motion and broadband

seismic stations that recorded the earthquakes. The seismic stations are part of the Na-

tional Seismograph and Strong Motion Network. Instrument responses were corrected,

and a band-pass �lter with transition bands at 0.10�0.25 Hz and 24.50�25.50 Hz was

applied. Shaking parameters were calculated at each seismic station and interpolated

to nearby monitoring wells using nearest neighbour interpolation (Ebdon, 1985). We

made an implicit assumption that surface shaking observed at the seismograph sites,

interpolated locally as parameters at the well site, is applicable over the depth of the

wells since they are mostly shallow (<100 m).

Water-level data is sampled at intervals of between one minute and three hours,

with 15 minutes being the most common interval in aquifers throughout New Zealand

(Figure 5.1). Data are available from various regional councils charged with environ-

mental monitoring. We compiled New Zealand-wide earthquake-induced water-level

observations made during and after the 2016 Mw 7.8 Kaik	oura earthquake, and water

level changes that occurred in the Canterbury region and central New Zealand associ-

ated with earthquakes larger than Mw 5.4 between 2008 and 2015 (Figure 5.1). In total,

water-level data from 495 monitoring wells were collated in time periods spanning one

or more of the 11 earthquakes.

Atmospheric pressure data recorded in 2008�2017 throughout New Zealand by the

National Institute for Water and Atmospheric Research were used, with up to 65 sites

operational and recording immediately before, during and after the earthquakes. Baro-

metric corrections were applied to groundwater-level monitoring sites with non-vented

transducers using the nearest climate station, so that all groundwater measurements

could be assessed in a standard format measured as a water-level relative to a well-head

measuring point elevation.

Some wells incurred damage during the Canterbury earthquake sequence (Zeman-

sky et al., 2012). The elevation of several monitoring well-heads changed, as a result

of ground subsidence and/or buoyant rising of casing, which a�ected water level mea-

surements. Therefore, re-surveying was necessary. In other instances, damaged screens

and logger equipment were removed and replaced. It was assumed any anthropogenic

in�uence (including nearby pumping) on the data or data-quality were either minor or

easily identi�ed and corrected.

Groundwater level data were assessed for both the presence and absence of ob-

servable earthquake-induced water-level changes, classifying sites into Response or No
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Response categories. Earthquake-induced water-level changes are commonly split into

co-seismic and post-seismic components (e.g. Wang et al., 2009; Yan et al., 2016). As

the sampling interval is typically at 15 minute intervals for New Zealand sites, with

most shaking occurring between two successive measurements, we consider responses

in this study to be entirely post-seismic.

Where there were unambiguous water-level responses, these were assessed as either

being persistent (Response) or non-persistent (No Response), depending on the dura-

tion over which the earthquake-induced changes could be clearly observed. Persistent

water-level changes increased or decreased, re-equilibrating at a new post-earthquake

level that then lasted several days or longer. Non-persistent water-level changes in-

cluded both those that were transient, returning to pre-earthquake levels within two

hours, and those for which there was no observable water-level response at all.

Table 5.1: Table of the 11 Mw 5.4 or larger earthquakes that occurred between 2008
and 2017. Mw = Moment magnitude. Focal mechanisms are shown in Figure 5.1.

Earthquake Epicentre Time and date Mw Depth Number Data
location latitude (NZST) (km) of available

longitude HH:MM wells
(degrees) dd/mm/yyyy

Hastings −39.72, 176.85 25/08/2008 23:25 5.4 32 268 188
Dusky Sound −45.77, 166.59 15/07/2009 21:22 7.8 12 268 221

Dar�eld −43.53, 172.17 4/09/2010 4:35 7.1 11 268 229
Christchurch −43.58, 172.68 22/02/2011 11:51 6.2 5 268 211
Christchurch −43.57, 172.74 13/06/2011 14:12 6 7 268 213
Christchurch −43.52, 172.75 23/12/2011 15:18 5.9 7 268 220
Opunake −40.05, 173.76 3/07/2012 22:36 6.2 241 268 222
Seddon −41.60, 174.32 21/07/2013 17:08 6.6 16 268 208

Grassmere −41.73, 174.15 16/08/2013 14:31 6.6 8 268 205
Eketahuna −40.62, 175.86 20/01/2014 14:52 6.3 34 268 220
Kaik	oura −42.69, 173.02 13/11/2016 23:02 7.8 15 426 426

Total = 2563
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Figure 5.1: Spatial distribution of earthquakes, and seismic and hydrological sites:
(a - Left) 11 earthquakes larger than Mw 5.4 between 2008 and 2017. At the scale
of this map the Christchurch Mw 6 and 5.9 earthquakes are hidden beneath the Mw

6.2 focal mechanisms stereonet. (b - Centre) 306 seismic stations (strong motion and
broadband). (c - Right) 495 monitoring wells that recorded water-level data. 65
climate stations recorded atmospheric pressure. The Canterbury Region and Central

New Zealand dataset monitoring wells are highlights. Chch = Christchurch.

The monitoring wells were also classi�ed with respect to their location relative to

earthquake epicentres using the term �near-�eld� to denote wells within approximately

one rupture fault length, and �intermediate-�eld� to re�ect wells between one and ten

rupture fault lengths away (cf. Wang and Manga, 2010a). The boundary between near-

and intermediate-�eld generally occurs at a seismic energy density of around 10 J/m3.

Since the earthquake epicentres span much of the New Zealand plate boundary (Fig-

ure 5.1a), and monitoring wells are dispersed throughout the country, two proximity

subsets were created: the Near-Field and the Intermediate-Field datasets. Monitoring

well observations were also extracted in two regional subsets: Canterbury Region, and

Central New Zealand (Table 5.2, Figure 5.1c). The dataset is available in the electronic

supplement to this article.
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Table 5.2: Table of the responses and no responses observed in the All Data, Canter-
bury Region, Central New Zealand, Near-Field and Intermediate-Field datasets. The
number of earthquakes and monitoring wells in each dataset are also included.

Datasets Responses No responses Total Earthquakes Wells

All Data 1945 618 2563 11 495
Canterbury Region 1039 302 1341 11 224
Central New Zealand 814 224 1038 11 106

Near-Field 78 184 262 7 158
Intermediate-Field 1867 434 2301 11 468

5.5 Methods

Logistic regression analysis

Logistic regression models the probability of an event occurring, given a calibration

dataset of binary occurrences of the event and predictors that in�uence the outcome.

Logistic regression, models log(odds), where odds are de�ned as the ratio of the prob-

ability of an event occurring to the probability that it fails to occur, as a linear com-

bination of a set of predictors (Kleinbaum and Klein, 2002). Logistic regression with

random e�ects (LRRE) extends the standard logistic regression model by adding a

set of random e�ects/disturbances on top of the �xed e�ects present in the standard

model.

Here we de�ne the probability (P ) of a persistent water-level change occurring or

not (Yi = 1 or 0, respectively) with a number of independent predictors in�uencing

the outcome. For the logistic regression model, let i = 1, . . . , N be Bernoulli variables

with probability distribution:

P (Yi = 1|ηi) =
eηi

1 + eηi
, ηi = −→xi

−→
β + ziu, (5.2)

where −→xi
−→
β are the �xed terms and ziu are the random e�ect terms.

−→
β are the

�xed e�ects parameters associated with the predictors, −→xi . The p-vector −→xi is the ith
row of the N x p design matrix X which contains the predictor values. The r-vector

u contains the random e�ects, which follow a multivariate normal distribution with

mean 0 and variance matrix
∑
, and zi is the ith row of the N x r design matrix Z

which contains the predictors associated with the random e�ects. The random e�ects

play the role of unmeasured covariates, modelling heterogeneity which is otherwise

unexplained (Larsen et al., 2000). In this study, seismic and hydrogeological predictors,

known for their association with the occurrence and/or the characteristics of water-level

changes, were input into the LRRE model. The random e�ects represented the variable

monitoring well susceptibility to persistent groundwater-level change. Predictors that
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had e�ects that were insigni�cantly di�erent from zero (p-value > 0.05) were removed

from the model. The models presented here are �t to the data by Maximum Likelihood

Estimation.

These data could be modelled using an ordinal logistic regression with an outcome

variable with a three-level classi�cation of water-level change, distinguishing no change,

increasing and decreasing persistent water-level responses. This approach was however

deemed unsuitable because the majority of monitoring wells in the dataset were in the

intermediate-�eld (Table 5.2), where permeability enhancement by dislodging colloids

is thought to be predominate (Brodsky et al., 2003). At these epicentral distances,

the polarity (increase/decrease) is purely random because permeability enhancement

could occur up or down the hydraulic head gradient of the well (Wang and Chia,

2008). An alternative three-level classi�cation would distinguish no change, transient

and persistent responses. However, the distinction between persistent and transient

water-level changes in this dataset was only observed at high levels of shaking. Thus,

classi�cation as a function of duration was also considered inappropriate. Although

ordinal logistic regression is suitable in other hydrogeological disciplines (e.g. Twarakavi

and Kaluarachchi, 2005), further research beyond the scope of this study is required to

determine its suitability in the modelling of earthquake-induced water-level changes.

Predictor selection

The �xed e�ect predictors used in the logistic regression model can each be categorised

as either seismic or hydrogeological. Five seismic and two hydrogeological predictors

were included in the regression model.

Maximum peak ground velocity (PGV), was used as it represents the majority of

energy in seismic ground motion (Wang, 2007), and is related to peak dynamic stress

(Jaeger and Cook, 1979). Peak dynamic stress is suggested to control the incidence

of processes that may cause water-level changes: shear-induced dilatation and consol-

idation (Luong, 1980; Dobry et al., 1982; Vucetic, 1994), and enhancement of vertical

(e.g. Wang, 2007) and horizontal (e.g. Brodsky et al., 2003) permeability.

Horizontal (geometric mean) peak ground acceleration (PGA) was determined as it

is used in the prediction of liquefaction (New Zealand Geotechnical Society, 2010;

Bradley and Hughes, 2012), which can a�ect water-levels in surrounding aquifers

(Roelo�s, 1998; Wang and Chia, 2008).

The maximum frequency of shaking was computed as low-frequency ground mo-

tions have been shown to be correlated with the occurrence of coseismic water-level

changes and liquefaction, unlike high-frequency ground motions which show no corre-

lation (Wong and Wang, 2007).

Seismic energy density was computed from magnitude and epicentral distance, as

it may be compared to laboratory studies on the energy required for pore pressure
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change and liquefaction (Wang and Manga, 2010b). Furthermore, numerous inter-

national studies use seismic energy density to compare water-level responses between

earthquakes (e.g. Shi et al., 2015b).

The epicentral distance was also calculated, as this parameter can be calculated

even when no seismic shaking data are available. Although epicentral distance is not

strictly a seismic parameter, it is a partial proxy for shaking intensity. Therefore, we

referred to epicentral distance as a seismic predictor for simplicity and grouped it with

the seismic shaking variables.

The amplitudes of water-level changes at intermediate-�eld distances are commonly

larger than predicted by poroelastic theory (Manga and Wang, 2007). Furthermore,

static stress changes induced by the two largest-magnitude earthquakes in the Near-

Field dataset, the 2016 Mw 7.8 Kaik	oura earthquake, and the 2010 Mw 7.1 Dar�eld

earthquake (Zhan et al., 2011), have poor �ts with observed water-level changes (Cox

et al., 2012; Rutter et al., 2016). Therefore, we did not implement earthquake-induced

static stress change as a predictor in the logistic regression model.

For each monitoring well analysed, the depth was included in the analysis as a proxy

for the degree of aquifer con�nement. Earthquake-induced water-level changes are more

frequent and generally larger in con�ned aquifers compared to uncon�ned aquifers

(Freeze and Cherry, 1979; Roelo�s, 1996; Gulley et al., 2013), and thus con�nement is

expected to partly control the occurrence/absence of persistent water-level changes.

Seismic waves �lter and attenuate di�erently in di�erent rock types (Wang and

Manga, 2010a), with correspondingly varying e�ciencies of dynamic shaking (Wang,

2007). Consolidated/crystalline lithologies amplify high-frequency shaking (Bradley,

2013), while unconsolidated media amplify low-frequency shaking (Wong and Wang,

2007; Youd and Carter, 2005). Considering that monitoring wells screened in consol-

idated/crystalline rocks respond to teleseismic earthquakes, at epicentral distance for

which static and dynamic stress are insigni�cant, hydrogeological factors must partly

control the occurrence of water-level changes. Therefore, at each monitoring well the

site average shear-wave velocity between 0 and 30 m depth (Vs30) was obtained (Hor-

spool et al., 2015). We make an implicit assumption that Vs30 is an adequate proxy for

rock strength at the monitoring well screen, as the depth of wells are generally shallow

(<100 m) with a median depth of ∼22 m.
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Jackknife variance estimation

Jackknife estimation provides a means of estimating the bias and variance of parameter

estimates in situations where the assumptions of standard statistical theory may not

hold (Tukey, 1958). The jackknife estimates a parameter of a population of interest

from a random sample of data from the population. A sample estimate of the parameter

can be formed from a function of the N observations in the sample:

T = f(Y1, . . . , Yi, . . . , YN) (5.3)

In jackknife estimation, each element is, in turn, dropped from the dataset and the

parameter is re-estimated from the smaller sample size. An estimate of the parameter

without the ith observations is the ith partial estimate (T−i):

T−i = f(Y1, . . . , Yi−1, Yi+1, . . . , YN) (5.4)

The jackknife estimate of θ (T ∗) and its standard error (σ̂T ∗), are de�ned as:

T ∗ = NT − (N − 1)T. (5.5)

σ̂T ∗ = (N − 1)
σ̂T.√
N

(5.6)

where T. and σ̂T. are respectively the mean and standard deviation of the set of N

partial estimates. The jackknife assumes that each observation is drawn independently

and identically from the same distribution and the estimation function is linear in the

data. Where observations are not independent, the jackknife is implemented by deleting

complete groups of dependent observations in forming the partial estimates, and N is

replaced by the number of independent groups in the formulae above. We utilise the

jackknife estimates to approximate the variability in the predictor coe�cients of the

LRRE models, when determined from a random sample of data from the datasets.
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5.6 Results

The All Data dataset contains a total of 2563 water-level time-series from 495 monitor-

ing wells, recorded at epicentral distances of 1 to 913 km at the times of 11 earthquakes.

Persistent water-level changes occurred in 618 instances, and non-persistent water-level

changes occurred 1945 times (Figure 5.2, Table 5.2). Monitoring well depths range from

3 to 510 m, with Vs30 spanning 40 to 1040 m/s. At the monitoring wells, PGV broadly

varied from 10−5 to 100 m/s, and PGA roughly varied from 10−5 to 101 m/s2. The max-

imum frequency of shaking occurred between 0.2 and 26 Hz. Seismic energy density

varied by ten orders of magnitude from 10−5 to 105 J/m3 (Figure 5.2).

There is poorer distinction between persistent and non-persistent responses as a

function of the hydrogeological predictors, compared to the seismic predictors (Figure

5.2). Therefore, we assessed hydrogeological variation not described by depth and

Vs30, by analysing pairs of closely wells (Table 5.3). For each monitoring well, we

analysed data from all neighbouring wells within 100 m, 500 m and 1000 m radius

that had a Vs30 within ±100 m/s and depth within ±10 m to the well of interest. At

these small separations, and for similar depth and Vs30 conditions, seismic predictors

could reasonably be assumed to be similar, and it is therefore reasonable to expect

similar responses. For each pair of wells, the behaviour in response to each earthquake

recorded in both wells was collected. The behaviour for each pair in each earthquake

were grouped into three possible combinations.

Below the threshold of shaking required for a response (PGV < 0.0064 m/s), all

well pairs typically exhibited the same no response � no response combination. This

is purely a function of insu�cient seismic energy input and not hydrogeological con-

sistency. Therefore, all pair behaviours below this threshold were removed from the

subsequent analysis. In total, the consistency of responses to earthquakes in the re-

maining pairs of wells was high, being 90.2 % for pairs within 100 m of each other, 89.1

% for pairs within 500 m, and 81.1 % for pairs within 1000 m. We conclude from this

that the depth and Vs30 are appropriate hydrogeological predictors of response.
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Figure 5.2: Violin plots of predictors when persistent and non-persistent water-level
changes occurred, for the All Data dataset. Whisker limits are de�ned by Tukey (1977).
(a and b � Top) Hydrogeological predictors, (c, d, e, f, g � Middle-bottom) Seismic
predictors. The violin plots contain vertically oriented kernel density plots showing the
full distribution of the data, as well as box and whisker summaries.

Table 5.3: Pair analysis response combinations at a radius of 100 m, 500 m and 1000
m. Any Non-persistent � Non-persistent combinations were removed when maximum
peak ground velocity <0.0064 m/s, the threshold required for a persistent water-level
change.

Radius Response No Response No Response Total Consistency
(m) Response Response No Response (%)
100 18 6 37 61 90.2
500 32 14 82 128 89.1
1000 51 43 134 228 81.1
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All seismic predictor model

A logistic regression model with random e�ects was �tted to all �ve datasets (Table

5.2), with the �ve seismic and two hydrogeological predictors. As the predictors did

not clearly distinguish between persistent and non-persistent responses (Figure 5.2),

we introduced a random e�ect to account for each monitoring well's susceptibility

to a persistent groundwater-level change. We refer to this model as the all seismic

predictor model (ASPM; Table 5.4). All �ve datasets had at least one predictor that

was insigni�cant.

Depth, Vs30, PGV, PGA, and seismic energy density each yielded positive coe�-

cients, meaning that the larger the predictor value, the more likely a persistent water-

level change would occur. As expected, epicentral distance generally had a negative

coe�cient, implying that the smaller the epicentral distance, the larger the likelihood

of a persistent water-level change. However, in the Near-Field dataset, the epicentral

distance coe�cient was positive. Frequency had a positive coe�cient in the Central

New Zealand and Intermediate-Field datasets, but a negative coe�cient in the Can-

terbury Region dataset. PGV was the only seismic predictor that was signi�cant in all

�ve datasets. The hydrogeological variables, depth and Vs30, were insigni�cant in at

least one dataset (Table 5.4).

One seismic predictor model

For fair comparison between datasets, we created a second logistic regression model

with random e�ects with the one seismic predictor that was signi�cant in all datasets,

PGV. We refer to this model as the one seismic predictor model (OSPM; Table 5.5).

We also included depth and Vs30 as hydrogeological predictors, and random e�ects for

each monitoring well's susceptibility to a persistent groundwater-level change. All three

predictors had positive coe�cients in all �ve datasets in the OSPM. PGV consistently

had the largest coe�cient, followed by depth and then Vs30. Depth and Vs30 were

insigni�cant for the same datasets in the OSPM as previously observed in the ASPM

(Table 5.4 and 5.5).

The Hosmer-Lemeshow test (Hosmer and Lemeshow, 2000) assesses the goodness

of �t of a logistic regression model by comparing the predictive accuracy within dataset

sub-populations. The Hosmer-Lemeshow test was carried out for all �ve datasets in

the ASPM and OSPM. The p-values were <0.05 for all �ve datasets in the ASPM

and OSPM indicating the model was a poor �t, except for the case of the Canterbury

Region in the ASPM, and the Near-Field in the ASPM and OSPM (Table 5.4 and 5.5).
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Table 5.4: Mixed e�ects logistic regression results from the all seismic predictor model (ASPM) in the �ve data-sets. Fixed e�ect coe�cient
values and their corresponding p-values and standard errors are provided. Predictors that are insigni�cant (p>0.05) are identi�ed by grey
squares. These predictors were removed from the model and the results from the re�tted models are shown here. The random e�ects
standard deviation and Hosmer & Lemeshow goodness of �t test are also provided. Coe�. = coe�cient, SE = standard error, St. Dev =
standard deviation, df = degrees of freedom, Sig. = p-value.

All Data Canterbury Region Central New Zealand Near-Field Intermediate-Field

E�ects Variable Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE

F
ix
ed

e�
ec
ts

Intercept
.

-2.0002 <0.001 0.1675 -1.3154 <0.001 0.2129 -3.097 <0.001 0.5123 -1.3778 0.0047 0.4872 -3.5247 <0.001 0.1975

Depth
(m)

0.0049 <0.001 0.0011 0.0087 <0.001 0.0016 0.0096 0.0071 0.0036 0.0049 <0.001 0.0013

Vs30
(m/s)

0.0033 <0.001 0.0005 0.0041 0.0013 0.0013 0.0035 <0.001 0.0005

PGV
(m/s)

7.7886 <0.001 0.7029 7.7237 <0.001 0.9829 15.3049 <0.001 2.5634 5.4822 <0.001 1.2846 7.8796 <0.001 1.0527

PGA
(m/s2)

0.7897 <0.001 0.2113

Epicentral
distance (km)

-0.0027 <0.001 0.0003 -0.0033 <0.001 0.0006 -0.0032 0.0017 0.001 0.0156 0.0031 0.0053

Seismic energy
density (J/m3)

0.1621 <0.001 0.0424 0.3073 <0.001 0.035

Frequency
(Hz)

-0.1315 0.0006 0.0384 0.0843 <0.001 0.0235 0.0904 <0.001 0.0157

Random e�ects: St. Dev 0.8076 0.5386 1.1522 4.008E-14 1.0716
Hosmer & χ2 df Sig. χ2 df Sig. χ2 df Sig. χ2 df Sig. χ2 df Sig.

Lemeshow test 75.69 8 <0.001 16.5 8 0.0357 29.56 8 <0.001 6.84 8 0.5544 80.45 8 <0.001
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Table 5.5: Mixed e�ects logistic regression results from the one seismic predictor model (OSPM) in the �ve data-sets. Fixed e�ect coe�cient
values and their corresponding p-values and standard errors are provided. Predictors that are insigni�cant (p>0.05) are identi�ed by grey
squares. These predictors were removed from the model and the results from the re�tted models are shown here. The random e�ects
standard deviation and Hosmer & Lemeshow goodness of �t test are also provided. Coe�. = coe�cient, SE = standard error, St. Dev =
standard deviation, df = degrees of freedom, Sig. = p-value.

All Data Canterbury Region Central New Zealand Near-Field Intermediate-Field

E�ects Variable Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE Coe�. p-value SE
Intercept
.

-2.6032 <0.001 0.1453 -2.4214 <0.001 0.135 -2.5207 <0.001 0.2616 -0.2031 0.4504 0.2691 -2.866 <0.001 0.1644

Depth
(m)

0.0043 <0.001 0.001 0.008 <0.001 0.0015 0.0086 0.0136 0.0035 0.0043 <0.001 0.0012

Fixed
Vs30
(m/s)

0.0026 <0.001 0.0004 0.0031 0.0012 0.001 0.003 <0.001 0.0005

PGV
(m/s)

10.1689 <0.001 0.6532 9.6359 <0.001 0.7323 17.8762 <0.001 2.026 3.2938 <0.001 0.9308 10.0498 <0.001 0.9713

Random: St.Dev 0.7235 0.4485 0.7582 0 0.919
Hosmer & χ2 df Sig. χ2 df Sig. χ2 df Sig. χ2 df Sig. χ2 df Sig.

Lemeshow test 119.09 8 <0.001 39.67 8 <0.001 54.64 8 <0.001 11.43 8 0.1784 108.54 8 <0.001
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The Akaike Information Criterion (AIC; Burnham and Anderson, 2004) is a relative

measure of model �t, with a lower value indicating a better model. The AIC allows

comparison between di�erent models estimated on the same dataset, and was computed

for all �ve datasets in the ASPM and OSPM. The AIC was better for the ASPM,

compared to the OSPM, for all �ve datasets. The more predictors removed when

transferring from the ASPM to the OSPM, the worse the AIC became (Table 5.8).

The receiver operating characteristic curve (ROC) is a graphical diagnostic test

which examines a model's ability to discriminate between binary outputs at all classi-

�cation thresholds (e.g. Peres and Cancelliere, 2014). The area under the ROC curve

(AUC) is a cumulative measure of performance across all classi�cation thresholds. An

AUC value of 1 indicates perfect classi�cation, whereas an AUC of 0.5 indicates a clas-

si�cation performing no better than chance. The ROC and the associated AUC value

were calculated for the OSPM (Figure 5.3) for all �ve datasets. Based on the AUC, the

OSPM applied to the Intermediate-Field dataset had the best overall ability to discrim-

inate between the presence and absence of persistent water-level changes (AUC 0.87).

The second-best performance of the OSPM was with the All Data dataset, followed

by Central New Zealand and Canterbury Region (Figure 5.3). The OSPM performed

signi�cantly worse in the Near-Field than in any of the other datasets (AUC 0.667).

We considered whether our results could be biased by the statistically small number

of earthquakes, and that the parameter estimates might be dependent on which events

were included. Therefore, to test the robustness of the coe�cient estimates derived

from the OSPM, we computed two sets of jackknife estimates of the model parameters

for each dataset. The �rst set of jackknife estimates were calculated by removing all

observations associated with each earthquake in turn (Table 5.6), and the second set by

removing all observations associated with each monitoring well in turn (Table 5.7). As

might be expected, the removal of individual earthquakes had a much larger e�ect than

the removal of individual wells: the derived biases and standard errors were larger in

the earthquake removal estimates than in the well removal estimates. Generally, there

was little variation in the distribution of the partial estimates.
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Figure 5.3: The receiver operating characteristic curve (ROC) for the �ve datasets
in the one seismic predictor model (OSPM). The area under the ROC curve (AUC)
is shown in the legend. The Intermediate-Field dataset has the best overall ability
to discriminate between the presence and absence of persistent water-level changes.
All datasets lie signi�cantly above the chance performance line, suggesting the use of
seismic and hydrogeological predictors in the OSPM are bene�cial.
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Table 5.6: Jackknife estimates by the removal of earthquakes, from the one seismic predictor model (OSPM) in the �ve data-sets. Predictors
that are insigni�cant (p>0.05) are identi�ed by grey squares and don't have a jackknife estimate. J est. = jackknife estimate of coe�cient,
Bias = OSPM coe�cient � jackknife estimate of coe�cient, J SE = jackknife estimate standard error.

All Data Canterbury Region Central New Zealand Near-Field Intermediate-Field

Variable J est. Bias J SE J est. Bias J SE J est. Bias J SE J est. Bias J SE J est. Bias J SE

Intercept -2.6031 -0.0001 0.3842 -2.2563 -0.1651 0.5701 -2.5859 0.0652 0.3248 0.0010 -0.2041 0.58 -2.964 0.0980 0.2644
Depth (m) 0.0047 -0.0003 0.0008 0.008 0 0.0012 0.0086 0 0.0069 0.0052 -0.0008 0.0009
Vs30 (m/s) 0.0029 -0.0002 0.0002 0.0033 -0.0002 0.0007 0.0033 -0.0003 0.0002
PGV (m/s) 10.6551 -0.4862 2.0414 9.4077 0.2283 2.8028 15.6220 2.2542 6.1973 2.7512 0.5425 1.6353 12.4982 -2.4484 5.5924

Table 5.7: Jackknife estimates by the removal of monitoring wells, from the one seismic predictor model (OSPM) in the �ve data-sets.
Predictors that are insigni�cant (p>0.05) are identi�ed by grey squares and don't have a jackknife estimate. J est. = jackknife estimate of
coe�cient, Bias = OSPM coe�cient � jackknife estimate of coe�cient, J SE = jackknife estimate standard error.

All Data Canterbury Region Central New Zealand Near-Field Intermediate-Field

Variable J est. Bias J SE J est. Bias J SE J est. Bias J SE J est. Bias J SE J est. Bias J SE

Intercept -2.5915 -0.0117 0.1385 -2.4065 -0.0149 0.1266 -2.4563 -0.0644 0.3339 -0.1417 -0.0614 0.4428 -2.7658 -0.1002 0.0972
Depth (m) 0.0043 0 0.0009 0.0079 0.0001 0.0015 0.0067 0.0019 0.0062 0.004 0.0003 0.0006
Vs30 (m/s) 0.0026 0 0.0004 0.0028 0.0003 0.0014 0.0029 0.0001 0.0003
PGV (m/s) 10.1109 0.0580 0.8271 9.5577 0.0783 0.8912 17.6086 0.2676 2.333 3.1303 0.1634 1.2523 9.5225 0.5273 0.8938
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5.7 Discussion

The multi-earthquake multi-site data compiled in this study included a wide range of

earthquakes (Table 5.1), seismic shaking characteristics, and hydrogeological conditions

(Figure 5.2). In addition, the data was split by proximity to earthquake epicentre

(Near-Field and Intermediate-Field), and by region (Canterbury Region and Central

New Zealand ; Table 5.2).

Pair analysis (Table 5.3) showed that responses were generally consistent for similar

degrees of con�nement and rock type. This suggested that the hydrogeological variables

depth and Vs30, are appropriate predictors of the local hydrogeological factors that

partly contribute to the occurrence of persistent water-level change.

All seismic predictor model

The signi�cance of the seismic predictors and the value of the associated coe�cients in

the ASPM varied between the �ve datasets, likely because each earthquake had unique

shaking characteristics. PGV, PGA and seismic energy density had positive coe�-

cients, meaning as anticipated that higher shaking intensities result in more frequent,

larger-amplitude, persistent water-level changes (Manga and Wang, 2007). Epicen-

tral distance had negative coe�cients for most of the datasets as expected (Wang and

Manga, 2010b). However, in the Near-Field dataset the epicentral distance coe�cient

was positive, perhaps re�ecting the small range in values in this data. Frequency had

both positive and negative coe�cients, consistent and inconsistent with observations

found by Wong and Wang (2007).

Vs30 had a positive coe�cient (Table 4), suggesting that the stronger the rock,

the more likely a persistent water-level change would occur. This is consistent with

the observation that sites screened in crystalline or well-consolidated rocks can incur

water-level changes in response to even teleseismic earthquakes (Brodsky et al., 2003;

Shi et al., 2014; Weingarten and Ge, 2014; Zhang et al., 2015). Vs30 may not have

had a signi�cant coe�cient in the Canterbury Region dataset due to a limited range of

rock types present in the alluvial-gravel dominated Canterbury region, in comparison to

central New Zealand and regions characterised in the 2016 Mw 7.8 Kaik	oura earthquake.

Vs30 may also have not been a signi�cant coe�cient in the Near-Field dataset as

seismic shaking levels were high enough that rock type became irrelevant. Depth had

a positive coe�cient (Table 5.4), indicating that monitoring wells screened in deeper

con�ned aquifers had a larger probability of having a persistent water-level change

than shallow uncon�ned aquifers. This concurs with observations of larger water-level

change in more con�ned aquifers (Stearns, 1928; Eaton and Takasaki, 1959; Roelo�s,

1996; Gulley et al., 2013) and is unsurprising given that the storativity of con�ned

aquifers is lower than that of uncon�ned aquifers (Freeze and Cherry, 1979).
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One seismic predictor model

PGV, depth and Vs30 had positive coe�cients in the OSPM, consistent with the ASPM

and were signi�cant in the same datasets (Table 5.5). In the All Data and Intermediate-

Field dataset, where all predictors were signi�cant, the largest coe�cient was PGV,

followed by depth, then Vs30. This suggested that the level of shaking is the most in-

�uential factor in determining whether a persistent water-level change occurs, followed

by degree of con�nement, then rock strength.

The ROC and AUC analysis (Figure 5.3) identi�es the Near-Field dataset OSPM

as the poorest model in discriminating between the presence and absence of persistent

water-level changes. This is likely due to the small dataset available (Table 5.2), which

in part re�ects the high levels of shaking in the near-�eld that damaged monitoring

well infrastructure (Zemansky et al., 2012). The ROC and AUC analysis shows that

the remaining four datasets have a similar ability to discriminate between the presence

and absence of persistent water-level changes, with the Intermediate-Field dataset per-

forming the best.

The jackknife estimates demonstrated that the predictor coe�cients vary minimally

with the removal of individual earthquakes and monitoring wells (Table 5.6 and 5.7).

This suggests there is no highly discordant earthquakes or monitoring wells. The jack-

knife estimates vary more with removal of earthquakes than monitoring wells, partly

due to the removal of more data with each iteration. The All Data OSPM generally

had the best jackknife estimates on the basis of having the largest dataset. Further-

more, the Hosmer-Lemeshow test suggested the OSPM poorly �t the datasets (Table

5.5).

Marginal probabilities

Although the OSPM did not fully account for the presence/absence of earthquake-

induced persistent water-level changes, it is the most parsimonious model developed

here that accounts for both the occurrence and non-occurrence of groundwater-level

changes within the logistic regression framework. The marginal probabilities of per-

sistent water-level changes occurring were calculated using the OSPM (Equation 5.5,

Table 5.5), taking into consideration evenly spaced samples of PGV within the range

experienced. The interquartile range was determined by the original variation of depth

and Vs30 within the datasets and their corresponding OSPM coe�cients, with the lower

bound de�ned by shallow uncon�ned aquifers in weak rock, and the higher bound de-

�ned by deeper con�ned aquifers in hard rock (Figure 5.4).

Considering the jackknife estimation determined the All Data OSPM to have the

most stable predictor coe�cients (Table 5.6 and 5.7), we mapped the associated marginal

probability PGV values to the empirical MM scale (Gerstenberger et al., 2007). The
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marginal probabilities of persistent water-level changes occurring at a range of inten-

sities on the New Zealand MM scale, and at sites with di�ering hydrogeological char-

acteristics, are included in Table 5.9. For each MM intensity probability, we adopted

verbal likelihood terms from Budescu et al. (2014). The terms are: Virtually certain

(>99%), Very likely (>90%), Likely (>66%), About as likely as not (33% - 66%),

Unlikely (<33%), Very unlikely (<10%), Exceptionally unlikely (<1%). The range of

likelihoods of persistent water-level changes were calculated for MM II to VIII. At

MM V and below, water-level changes are very unlikely to about as likely as not. At

MM VI, water-level changes are unlikely to about as likely as not. At MM VII, water-

level changes are unlikely to likely. At MM VIII, the likelihood rises to very likely

to virtually certain. As the water-level changes become more frequent, the severity of

the response increases in terms of amplitude and duration. At MM VII and below,

water-level changes may only occur in sensitive monitoring wells, have small ampli-

tudes (<1 m) and persist for days. At MM VIII and above, water-level changes may

have large amplitudes (>1 m), and persist for weeks to months. Changes may repre-

sent permanent aquifer change (Rutter et al., 2016), and damage may occur to water

infrastructure (Zemansky et al., 2012). In the same manner as Hancox et al. (2002),

who incorporated earthquake-induced landslides into the New Zealand MM scale, we

propose further additions to the environmental response criteria (Table 5.9).

The additional environmental response criteria may assist seismic hazard assessment

during future earthquakes. The probabilistic framework could inform practitioners in

decision-making processes for increasing the resilience of water supply infrastructure

to earthquake-induced shaking, aquifer pollution, turbidity increases, and geochemical

changes (e.g. Roelo�s et al., 1995; Zemansky et al., 2012). As site e�ects were included

within the assessment, GIS could be used to predict how susceptible di�erent parts of

New Zealand are to groundwater-level changes. This would be the �rst step towards

formulating a groundwater-level change susceptibility model for common earthquake

events in New Zealand, akin to models for landslides (Smith et al., 2001). The ad-

ditional environmental criteria could also provide MM reporting in areas where few

buildings are present (Hancox et al., 2002).

Classi�cation of earthquake e�ects according to the degree of shaking intensity

facilitates comparison of the e�ects of multiple earthquakes (Eiby, 1966). A number

of changes have been made to the New Zealand Modi�ed Mercalli (MM) scale (Eiby,

1966), the �rst of which was making the scale more appropriate for modern earthquake

resistant construction (Smith et al., 1992). Later on, revisions improved the structural

damage criteria (Dowrick, 1996). Environmental response criteria were considered in

detail in subsequent studies, with the inclusion of landsliding- and liquefaction-related

ground damage (Hancox et al., 1997). Because there are few international papers on

MM intensity and earthquake-induced groundwater-level changes (Cox et al., 2012),

groundwater level changes have yet to be established in the New Zealand or other MM
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scales.

This study was the �rst attempt we are aware that incorporates both seismic and

hydrogeological factors into a probabilistic framework for earthquake-induced ground-

water level changes in the context of the MM scale. The key di�erence and contribution

of this study is that it is a regional-scale multi-site multi-earthquake investigation that

includes the occurrence and absence of responses, over a decade of seismic shaking. The

advantage of this approach is that responses can be examined in a range of aquifers,

rock types and hydrogeological settings. Furthermore, responses can be recorded in the

near- and intermediate-�eld at the same site, induced by a range of shaking intensities.

As a result, site e�ects and shaking characteristics can be normalised/calibrated. This

then enables the precise identi�cation of responses and mechanisms that are anomalous

or merely local aberrations, from those that underpin region-wide processes and are

likely to be applicable and signi�cant internationally.

Although the predictor coe�cients may have inaccuracies due to uniqueness of

earthquakes and monitoring wells, the study highlights that shaking intensity, degree

of con�nement and rock strength are important. The inclusion of shaking and site

e�ects within the framework is a novel and more generalizable approach to quantifying

responses than previous metrics using epicentral distance, magnitude and seismic en-

ergy density (Wang and Manga, 2010b). It has potential to enable better comparison

of international studies and inform practitioners making decisions around investment

to mitigate risk to, and to increase the resilience of, water supply infrastructure.
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5.7 Discussion

Figure 5.4: Marginal probabilities of persistent water-level changes given maximum
PGV, depth and Vs30, for all �ve datasets. Coe�cients for the predictors are from the
one seismic predictor model (OSPM; Table 5.5). The Modi�ed Mercalli scale (MM)
is converted from PGV for reference (Gerstenberger et al., 2007). (a � Top) All Data,
Canterbury Region and Central New Zealand datasets. (b � Bottom) All Data, Near-
Field and Intermediate-Field datasets.
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Future work

A comparison of the OSPM predictor coe�cients in the Near-Field and Intermediate-

Field datasets should allow an assessment of the thresholds for the di�erent processes

thought to occur in the near- and intermediate-�eld (Wang and Manga, 2010a). How-

ever, the limited Near-Field dataset available at this stage precludes a thorough analy-

sis. The collection of additional near-�eld data would yield a more robust comparison.

Comparison of the OSPM predictor coe�cients in the Canterbury Region and Central

New Zealand datasets were problematic as the distribution of earthquake epicentres

relative to the two regions di�ered. The Canterbury Region dataset had more near-�eld

earthquakes, due to the proximity of the Canterbury earthquake sequence of 2010-2011.

The only near-�eld earthquakes in the Central New Zealand dataset were those of the

Cook Strait earthquake sequence of 2013. The predictor coe�cients may thus have

varied signi�cantly as a result of changing seismic inputs. Nonetheless, we empha-

sise that future datasets may elucidate regional in�uences on water-level changes (e.g.

Shi et al., 2015a), and thus permit the construction of local groundwater-level change

susceptibility models.

The New Zealand dataset presented here may not be representative of other seis-

mic settings elsewhere. The OSPM developed here does not convey all of the signal

within the dataset, but we anticipate its improvement by building and integrating

international catalogues. More detailed studies of earthquakes are needed to re�ne

the proposed environmental response criteria. Comprehensive studies have been un-

dertaken elsewhere (e.g. Shi et al., 2015a), yet the degree to which such studies have

consistently recorded the non-occurrence of water-level changes is not well known. The

seismic and hydrogeological diversity of international studies will improve the accuracy

of the predictor coe�cients and provide a more representative probability range at

varying shaking intensities. The incorporation of lower-magnitude earthquakes is crit-

ical in the development of the criteria. In an ideal model, the probability of a response

occurring at a PGV of 0 m/s should be zero. Due to the paucity of low-magnitude

earthquakes in this study, the probability is �nite (Figure 5.4). With the addition of

lower-magnitude earthquakes in further work, the probability of a response occurring

at low seismic shaking intensities will tend towards zero, and predictor coe�cients will

Table 5.8: Akaike Information Criterion (AIC) for the all seismic predictor model

(ASPM) and the one seismic predictor model (OSPM) within the logistic regression
with random e�ects (LRRE).

LRRE All Canterbury Central Near- Intermediate-

model Data Region New Zealand Field Field

ASPM 2319 1106 802 297 1873
OSPM 2386 1146 956 305 1992

111



5.8 Conclusions

Table 5.9: Susceptibility assessment showing the range of likelihoods for persistent
water-level changes at di�erent levels of Modi�ed Mercalli scales (MM) and PGV.
Mean probabilities are calculated from the OSPM for the All data dataset. Likelihood
terms are adopted from Budescu et al. (2014). perc. = percentile.

Likelihood of response

MM
PGV
(m/s)

5th

perc.
Mean

95th

perc.
Verbal likelihood term

II 0.0005 7.1 15.5 33.5 very unlikely �about as likely as not

III 0.003 7.2 15.8 34.1 very unlikely �about as likely as not

IV 0.01 7.7 16.7 35.7 very unlikely �about as likely as not

V 0.026 9.0 18.9 39.6 very unlikely �about as likely as not

VI 0.064 12.7 25 49.1 unlikely �about as likely as not

VII 0.165 28.8 46.2 72.9 unlikely �likely

VIII 0.522 93.9 96.6 99.0 very likely �virtually certain

become increasingly accurate.

5.8 Conclusions

A probabilistic model has been constructed for groundwater response as a function of

PGV and hence the Modi�ed Mercalli (MM) intensity, by quantifying the occurrence

and absence of persistent groundwater-level changes in 495 monitoring wells to one

or more of 11 New Zealand earthquakes larger than Mw 5.4, between 2008 and 2017.

The key di�erence and contribution of this study is that it is a regional-scale multi-site

multi-earthquake investigation that includes the occurrence and absence of responses,

over a long period of time. The approach has enabled responses to be examined in a

range of aquifers, rock types and hydrogeological settings. Furthermore, responses can

be recorded in the near- and intermediate-�eld at the same site, subjected to a range

of shaking intensities. In addition to examining an All Data dataset, the methodology

was applied to four data subsets, de�ned by region and proximity to earthquakes:

Canterbury Region; Central New Zealand ; Near-Field ; and Intermediate-Field.

We �rst applied a binary logistic regression model with random e�ects (LRRE) to

�ve subsets of the data with seven seismic and hydrogeological predictors, in a model

referred to as the all seismic predictor model (ASPM). Random e�ects were included as

a partial proxy for variations in monitoring wells' susceptibilities to earthquake-induced

persistent water-level change. The signi�cance of the predictors and the values of the

associated coe�cients in the ASPM varied between the �ve datasets, likely because

each earthquake had distinct shaking properties.

A second and preferred model, referred to as the one seismic predictor model

(OSPM), was computed with three predictors: PGV, depth and Vs30. Post-hoc analy-

sis reveals that the models of our datasets were generally capable of discriminating the

occurrence or absence of water-level changes. Jackknife estimates suggest that the pre-
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dictor coe�cients were not highly dependent on either the earthquakes or monitoring

wells included in the datasets.

Marginal probabilities of the OSPM were calculated and presented as a function

of PGV. The interquartile range was taken into account by variation of depth and

Vs30 within the dataset and the model. In view of the jackknife analysis, the All Data

OSPM is judged to have the most stable coe�cients, and we mapped subsequently the

associated marginal probability PGV values onto the Modi�ed Mercalli (MM) intensity

scale to express the likelihood of persistent water-level changes as a function of seismic

intensity.

We propose that the probabilistic framework described here provides a useful ad-

dition to the environmental response criteria of the New Zealand MM scale. The

expanded criteria may assist seismic hazard assessment during future earthquakes, and

the probabilistic framework could inform practitioners in decision-making processes for

increasing the resilience of water supply infrastructure to earthquake-induced shaking,

aquifer pollution, turbidity increases, and geochemical changes. GIS could be used

to predict how susceptible di�erent parts of New Zealand are to groundwater-level

changes. This would be the �rst step towards formulating a groundwater-level change

susceptibility model for common earthquake events in New Zealand. The additional

environmental criteria could also provide MM reporting in areas where few buildings

are present.

This study is the �rst attempt we are aware of worldwide to incorporate both seis-

mic and hydrogeological factors into a probabilistic framework for earthquake-induced

groundwater level changes. The framework is a novel and more readily generalizable

approach than those based on other metrics. It has potential to enable better com-

parison of international studies and to inform practitioners making decisions around

investment to mitigate risk and to increase the resilience of water supply infrastructure.
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6 Summary and directions for future research

This thesis presents three stand-alone studies of the seismic and hydrogeological con-

trols on earthquake-induced groundwater-level changes. The key �ndings obtained

from these investigations within the framework of the research questions introduced

in Chapter 1 are summarised here, together with thoughts on future research direc-

tion. Finally, some preliminary analyses are presented that may form the basis for

subsequent work.

6.1 Key results of each study

Chapter 3: Case study of the 2016 Mw 7.8 Kaik	oura earthquake

Examining the groundwater response of New Zealand aquifers to the 2016 Mw 7.8

Kaik	oura earthquake, the contributions of earthquake induced static and dynamic

stress changes and hydrogeological factors were analysed.

• Observed water-level changes are inconsistent with predictions of static stress,

instead correlating to variations in dynamic stress changes. A change in mech-

anism is inferred at peak ground acceleration (PGA) of ∼2 m/s2. Permeabil-

ity enhancement is the dominant mechanism at slower ground motions, whereas

shear-induced consolidation is the dominant mechanism for water-level changes

at faster ground motions.

• The northward direction of the Kaik	oura fault rupture caused a spatially asym-

metric PGA distribution. Correspondingly, to the north of the epicentre water-

level changes occurred in 60 % of the monitoring wells, whereas water-level

changes occurred in 48 % of the monitoring wells south of the epicentre. The

absolute water-level change amplitudes were scaled to the horizontal (geometric

mean) PGA experienced at each monitoring well.

• Monitoring well depth and Vs30 positively correlate with scaled water-level change

amplitudes. Regardless of the magnitude of the earthquake, monitoring wells

may have water-level changes of certain amplitudes relative to PGA based on

the degree of con�nement and the strength of the rock surrounding the screen.

Variations in the scaled water-level change amplitudes at any particular depth or
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Vs30 may be explained by changes in aquifer transmissivity that may be up- or

down-�ow of the well.

Chapter 4: Tidal behaviour and water-level changes to multiple

earthquakes

Water-level and tidal behaviour changes have been quanti�ed in multiple wells in the

Canterbury Plains aquifer system in response to multiple Mw 5.4 or larger earthquakes

between 2008 and 2015. The occurrence and dynamic shaking threshold required for

the two phenomena were evaluated.

• In the near-�eld of the Canterbury earthquake sequence of 2010 and 2011, per-

meability reduction and increased water-levels in shallow aquifers suggest a shear-

induced consolidation mechanism. Earthquake-induced groundwater-level changes

further a�eld included variable water-level change polarity with rare tidal be-

haviour change, suggesting permeability enhancement or reduction occurred in

the local aquifer.

• Post-seismic water-level re-equilibration occurred faster (∼50 mins) at wells where
tidal behaviour changes were not observed. Where changes in tidal behaviour

were observed, the re-equilibration time ranged from ∼240 mins to 10 days. The
fast re-equilibration time of water-levels where tidal behaviour changes were not

observed, may be due to a high permeability and good coupling between the well

and the aquifer, and/or small permeability changes in the local aquifer. Tidal

behaviour changes may not have been observed due to the low bulk modulus

of the gravels. Water-level changes that occurred with tidal behaviour changes

may occur on a larger scale than independent water-level changes, as water-level

changes also occurred in nearby wells.

• The minimum peak dynamic stress required for a tidal behaviour change in the

Canterbury gravel aquifers varies between ∼0.2 and 100 kPa. Water-level changes

were more likely to occur at wells where peak dynamic stress exceeded 50 kPa,

but not where peak dynamic stress was below 10 kPa. However, there is no clear

distinction between the presence and absence of tidal behaviour and water-level

changes based on peak dynamic stress.
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Chapter 5: Aquifer susceptibility to groundwater-level changes

Using statistical methods, the �rst probabilistic model for groundwater responses has

been constructed as a function of the Modi�ed Mercalli (MM) intensity scale. A bi-

nary logistic regression model with random e�ects (LRRE) was computed with three

predictors: PGV, depth and Vs30. The random e�ects were included as a partial

proxy for variations in monitoring well susceptibility to earthquake-induced persistent

water-level change. Marginal probabilities were calculated as a function of PGV, and

were subsequently converted to the MM intensity scale. The likelihood of persistent

water-level changes was calculated at MM intensity II to VIII.

• At MM intensity V and below, water-level changes are very unlikely to about as

likely as not. At MM intensity VI, water-level changes are unlikely to about as

likely as not. At MM intensity VII, water-level changes are unlikely to likely. At

MM intensity VIII, the likelihood rises to very likely to virtually certain.

• We propose these probabilities of responses as further additions to the environ-

mental response criteria of the New Zealand MM intensity scale.

6.2 Research questions revisited

To what extent do earthquake-induced static and dynamic

stress changes contribute to groundwater-level changes?

Static stress changes induced by the 2016 Mw 7.8 Kaik	oura earthquake were only

signi�cant in the near-�eld. The complex nature of the rupture and damage zone is

responsible for the variety in polarity and amplitude of the static stress changes (Chap-

ter 3). Considering water-level change polarity and/or amplitude is inconsistent with

volumetric strain predictions, it is unlikely that static stress changes contributed to

water-level changes in the near-�eld during this earthquake. The result is inconsistent

with international studies where static stress changes correlate with water-level change

amplitude and polarity (Wakita, 1975; Roelo�s, 1996; Quilty and Roelo�s, 1997; Jóns-

son et al., 2003; Akita and Matsumoto, 2004; Chia et al., 2008). In the intermediate-

�eld, observed water-level changes are larger than volumetric strain predictions, which

is similar with other studies (Igarashi and Wakita, 1995; Itaba and Koizumi, 2007;

Manga and Wang, 2007; Wang and Manga, 2010a; Shi and Wang, 2015).

Our research suggests that dynamic stress changes contribute to the occurrence

and characteristics of groundwater-level changes. The asymmetric distribution of dy-

namic stress changes induced by the Kaik	oura earthquake correlates with the north-

south distribution of water-level change occurrences across New Zealand (Chapter 3).
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This, coupled with the positive coe�cients returned from LRRE models for dynamic

stress proxies (Chapter 5), demonstrates that dynamic stress changes do contribute to

groundwater-level change occurrence. This �nding is complementary to the predicted

occurrence of dynamic stress changes from the near- to far-�eld (Lay and Wallace, 1995;

Manga and Wang, 2007). Dynamic stress changes are also thought to cause enhanced

permeability by the dislodging of colloids (Brodsky et al., 2003) and shear-induced

consolidation or dilatation (Wang et al., 2001), which result in polarity variations of

water-level changes. Following the Kaik	oura earthquake, areas that experienced PGAs

<2 m/s2, had approximately an equal number of persistent water-level increases and

decreases, with small amplitudes (<1 m; Chapter 3). The statistically random polar-

ity of water-level change is consistent with the hypothesis of enhanced permeability

(Brodsky et al., 2003), as the polarity of the water-level change depends upon the lo-

cation of the monitoring well, relative to the location of the permeability change (up-

or down-hydraulic head gradient; Wang and Chia, 2008).

In areas where PGA exceeded ∼2 m/s2, water-levels predominantly increased with

large amplitudes (>1 m; Chapter 3). In addition, water-level increases in the near-�eld

of the Canterbury earthquake sequence of 2010 and 2011, were coupled with perme-

ability reduction inferred from tidal behaviour changes (Chapter 4). The consistent

increases in water-level and tidal behaviour changes in shallow sedimentary aquifers

support the hypothesis of shear-induced consolidation.

Where signi�cant static stress changes occur, dynamic stress changes are also sig-

ni�cant (Chapter 3). Water-level changes may have been partially caused by static

stress changes, but could also have been concealed by larger amplitude changes caused

by dynamic stress changes. The numerous landslides induced by the Kaik	oura earth-

quake, and the limited number of monitoring wells in the near-�eld, proved detrimental

to the assessment of static stress changes in causing groundwater-level changes.

Considering most observations of near-�eld groundwater-level changes occurred at

wells located in unconsolidated sedimentary deposits, the hypothesis of static stress

induced groundwater-level changes cannot be con�dently rejected. Further assessment

requires more observations of near-�eld responses in igneous and metamorphic aquifer

systems. Our results show that groundwater-level changes in sedimentary aquifers are

unlikely to result predominantly from static stress changes; if static stress changes

contribute to groundwater-level changes they are less signi�cant than dynamic stress

changes in these relatively soft, young sediments.
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To what extent do hydrogeological factors contribute to

groundwater-level changes?

Monitoring wells have variable susceptibility to earthquake-induced groundwater-level

changes, which cannot be predicted by static or dynamic stress changes alone. This is

likely to be partially a result of hydrogeological factors, such as the degree of aquifer

con�nement, rock strength, and �ow properties.

Monitoring well depth, a proxy for degree of aquifer con�nement, is demonstrated

to contribute to the occurrence and amplitude of groundwater-level changes (Chapter

3, 5). The greater the degree of con�nement, the more likely a persistent water-

level change will be observed, and the larger the amplitude of response. The result is

consistent with other international studies (Stearns, 1928; Eaton and Takasaki, 1959;

Roelo�s, 1996; Gulley et al., 2013), and is thought to result from the speci�c yield of

uncon�ned aquifers being higher than the storativity of con�ned aquifers (Freeze and

Cherry, 1979).

It was also determined that Vs30, a proxy for rock strength, correlated to the oc-

currence of water-level changes as demonstrated by our LRRE model (Chapter 5), and

the amplitude of water-level changes as determined by investigations on the Kaik	oura

earthquake (Chapter 3). The stronger the rock, the more likely a persistent water-level

change is to occur, and with a larger amplitude. A logical explanation is that stronger

rocks generally have lower speci�c yields.

The transition from matrix- to fracture-dominated �ow and the presence of dual

porosity may also have an e�ect on response characteristics. At su�ciently high shear

strains, the deformation characteristics of an aquifer also depend on the consolidation

state of the rock-mass. For unconsolidated deposits, shear deformation causes grains

to move into pre-existing pores, reducing the porosity and volume of the deposits.

Shear deformation of consolidated deposits creates new porosity, increasing the volume

(Manga and Wang, 2007). However, our results show no correlation between polarity

of response and rock-mass type. This is perhaps because the New Zealand dataset

presently contains limited responses in well consolidated rock where shaking intensity

has been high.

Well-aquifer coupling is controlled by aquifer �ow properties (Hsieh et al., 1987;

Doan and Brodsky, 2006) and well completion. In a well-coupled state, water-level

changes can be expected as pore pressure variations in aquifers strongly correlate with

monitoring well water-level (Chapter 4). However, in an uncoupled state, pore pres-

sure changes in aquifers are not well represented in monitoring wells, thus water-level

changes are absent. Therefore, �ow properties generally have an impact on response oc-

currence (Faoro et al., 2012) with transmissivity having an e�ect on water-level change

amplitude (Manga and Wang, 2007).

The variable susceptibility of wells to earthquake-induced water-level changes may
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also be due to heterogeneity in the local aquifer, or di�erences in well properties (cas-

ing material, screen length, screen type etc.). In terms of aquifer heterogeneity, certain

monitoring wells may be screened within small-scale fracture networks or high perme-

ability zones. Introducing a random e�ects component into LRRE models (Chapter 5)

enables a partial proxy to be invoked for variable monitoring well susceptibility.

Is there a more informative earthquake hydrology metric

than epicentral distance and magnitude?

A widely used metric to compare groundwater-level changes from di�erent earthquakes

and di�erent regions is the joint use of epicentral distance, earthquake magnitude, and

seismic energy density (Wang and Manga, 2010b). This metric has been used to collate

datasets from around the world and is based on attenuation models for California.

However, it lacks consideration of earthquake directivity and hydrogeological factors,

which we demonstrate in�uence the occurrence and amplitude of groundwater-level

changes (Chapter 3). As understanding of the mechanistic processes has developed,

and as datasets have become more spatially and temporally extensive, a revised metric

is feasible and necessary to advance the earthquake hydrology discipline.

This study is the �rst attempt at a probabilistic framework for earthquake-induced

groundwater-level changes in the context of felt shaking intensity using the MM scale,

rather than source magnitude. The study highlights that directivity, degree of con�ne-

ment and rock strength are important. The inclusion of water-level changes within the

MM framework is a fresh and more encompassing approach compared to the metric

of epicentral distance, magnitude and seismic energy density. It has potential to al-

low the comparison of international studies to be more informative, and accessible to

practitioners in the �eld.

6.3 Implications for future research

Much remains unexplored in the study of earthquake hydrology especially consider-

ing earthquakes are well known to induce a wide range of responses in surface-waters

(Montgomery et al., 2003; Montgomery and Manga, 2003), and geothermal environ-

ments (Manga and Brodsky, 2006), in addition to groundwater (e.g. Roelo�s, 1998).

Deeper investigation of New Zealand well responses induced by a diverse range of

future local earthquakes would allow a more rigorous study of the in�uence of earth-

quake properties, such as frequency content of ground motion, rupture directivity,

faulting style, recurrence interval and fault strength on the occurrence and absence of

groundwater-level changes. The following earthquakes could be used to make a more

complete onshore decadal catalogue between 2008 and 2018: 2015 Mw 6 Arthur's Pass
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earthquake; 2015 Mw 6.2 St Arnaud earthquake; 2015 Mw 5.8 Wanaka earthquake;

2016 Mw 5.7 Valentine's day earthquake; and the 2016 Mw 7.1 East Cape earthquake.

Numerous o�shore large magnitude earthquakes occurred in the Puysegur, Hikurangi

and Kermadec trenches between 2008 and 2018 but were not considered in this thesis,

although they may have caused aquifer changes. In future work an o�shore decadal

catalogue should be collated comprising these earthquakes. Moreover, 15 slow slip

events have been detected at the Hikurangi subduction margin since 2002 (Wallace

and Beavan, 2010). Studying the hydrogeological response to slow slip earthquakes

may help elucidate not only �uid pressure controls on slow slip, but the role of static

strain without dynamic strain.

Although New Zealand is geologically diverse, the majority of the hydrological

response observations available for use in this thesis were collated from gravel aquifers,

as monitoring is focused in these high permeability regions. The addition of responses

that occur in a variety of hydrological regimes would further our understanding of how

site e�ects the occurrence and characteristics of responses. Observations of responses

to a variety of earthquakes in diverse hydrogeological settings could be incorporated

into the probabilistic framework that we have developed in order to expand the model's

application.

Increasing the resolution at which monitoring infrastructure records groundwater-

levels would be invaluable. Data with sampling intervals on the order of 1 minute

record substantially more signal compared to 15 minute sampled data. Furthermore,

the higher resolution data are less a�ected by earthquake arrival times and hydroseis-

mograms. The additional data do not need to be a signi�cant burden on data storage

systems, considering progressive technological advancements. Additionally, if measure-

ment protocols were made to be consistent across regional councils, future nationwide

studies of hydrological systems would be more achievable for researchers, and more

convenient for regional council technicians. Development of a set of consistent national

protocols would enable the full potential of the New Zealand hydroseismicity dataset

to be more easily utilised.
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6.4 Discussion: New research avenues and ideas

Over the course of this investigation, a series of related ideas and possible avenues of

further research emerged, which could be addressed by future work:

Hydrological responses within fault zones

The Alpine Fault ruptures every ∼200 to 400 years with Mw 7.6 to 8.2, and last failed

in A.D. 1717 (Sutherland et al., 2007; De Pascale and Langridge, 2012). Therefore,

it provides a unique opportunity to examine the conditions present in the fault zone

prior to a large magnitude earthquake (Townend et al., 2009). The hanging-wall of

the Alpine fault is hydrologically active, with the generation of hot springs derived

from meteoric �uids circulating in the upper crust (Cox et al., 2015; Reyes et al.,

2010). Hydrogeochemistry (Menzies et al., 2014, 2016) and hydraulic measurements

(Sutherland et al., 2012) suggest that the hanging- and foot-wall are hydrologically

distinct (Townend et al., 2017).

In the �rst phase of the Deep Fault Drilling Project (DFDP-1), DFDP-1A and

DFDP-1B were drilled through the principal slip zone (PSZ) of the Alpine Fault to

depths of ∼101 m and ∼151 m respectively (Sutherland et al., 2012). In doing so,

the DFDP science team collected a set of continuous rock cores and wireline logs

across the fault zone and conducted borehole hydraulic experiments (e.g. Townend

et al., 2013; Boulton et al., 2014; Carpenter et al., 2014; Toy et al., 2015). Long-

term monitoring of temperatures, �uid pressures, �uid chemistry and seismicity were

implemented. Piezometers were installed above and below the primary principle slip

zone (PSZ) in DFDP-1B, and �uid pressures were measured in four second intervals.

Seismometers were installed at the surface next to DFDP-1B and above the PSZ in

DFDP-1A (Sutherland et al., 2011).

The piezometers and seismometers recorded the 2016 Mw 7.8 Kaik	oura earthquake

(Figure 6.1). Considering the sampling interval of the piezometers, hydroseismograms

were recorded above and below the PSZ. Normalising groundwater-levels above and be-

low the PSZ to pre-earthquake levels allowed a comparison of the earthquake responses

(Figure 6.2).

Additional assessment of the DFDP hydrological response to the 2016 Mw 7.8

Kaik	oura earthquake may be valuable, and could be approached in numerous ways

(e.g. Brodsky et al., 2003; Kano and Yanagidani, 2006; Weingarten and Ge, 2014).

Moreover, the DFDP-1 hydrological and seismic monitoring network is unique and an

assessment over multiple earthquakes could provide insight into earthquake-induced

hydrological responses within fault zones, and whether they di�er signi�cantly from

aquifers, for example.
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Figure 6.1: Seismic and hydrological response at DFDP-1A and DFDP-1B to the
Kaik	oura earthquake, in the �rst 1000 seconds. The time-series are ordered in terms
of depth within the boreholes (Sutherland et al., 2011).

Figure 6.2: Groundwater-level response above and below the PSZ to the Kaik	oura
earthquake in the extensively instrumented DFDP-1B borehole. Groundwater-levels
are normalised to pre-earthquake levels. The hydrological response above and below
the PSZ are distinctly di�erent, with a decrease in the piezometric surface elevation in
the hanging wall, and a slight increase in the footwall in the �rst �ve hours after the
earthquake.
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6.4 Discussion: New research avenues and ideas

Earthquake-induced impacts on groundwater quality

Earthquake-induced groundwater quality changes have been reported after the 2009 Mw

7.8 Dusky Sound, 2010 Mw 7.1 Dar�eld, and the 2016 Mw 7.8 Kaik	oura earthquakes

(Cox et al., 2015; Rutter et al., 2018). These include changes in turbidity, nitrate,

faecal concentrations, and water chemistry (Close et al., 2017; ECan, 2011; Water,

2017). Of particular concern is where there is evidence of contamination of aquifers by

pathogens. Groundwater quality changes can also provide evidence for mixing of water

from di�erent sources, or for increased recharge from the land surface (Rutter et al.,

2018).

With the examination of multiple earthquakes, the threshold at which turbidity

changes occur could be elucidated, which could inform practitioners in decision-making

processes for increasing the resilience of water supply infrastructure. The measuring

of turbidity changes in boreholes over earthquake intervals remains infrequent and

available observations are mainly anecdotal. Quantitative data of turbidity changes

may provide insight into the amount of colloids that may become mobilised, the settling

rate within the surrounding aquifer, and if there are implications for water treatment

protocol. The time period over which these responses occur also remains unknown.

Turbidity changes induced by the 2016 Mw 7.8 Kaik	oura earthquake were explored

in four municipal drinking water supply wells in Marlborough, South Island, New

Zealand. Before �owing to the water treatment plant, groundwater is pumped out of

the wells and the turbidity of the water is measured every minute by a nephelometer

in nephelometric turbidity units (NTU). Generally, when the pumps are turned on,

spikes in turbidity occur followed by an exponential decay. If the overall turbidity of

the water entering the water treatment plant is above 2 NTU for longer than three

minutes, the pumps can no longer tolerate the increased turbidity (I. Hosie, personal

communication, 2017), which has important rami�cations for earthquake resilience.

Pumping of the wells occurred before and after the Kaik	oura earthquake (Figure

6.3). The �rst pump initiated turbidity measurement after the earthquake was at least

�ve times higher than the water treatment plant limit (∼10 NTU). The abnormally

high turbidity levels persisted with the incidence of further pumping.

Although analysis is only preliminary, spike and decay patterns stimulated by pump

initiation were identi�ed and associated decay constants were estimated (Figure 6.4).

The decay constants changed transiently or persistently after the Kaik	oura earthquake,

and may have resulted from of change in aquifer or well conditions. Further assessment

is required to understand the turbidity changes, speci�cally the e�ect of the: geom-

etry of the wells; construction design of the turbidity monitoring infrastructure; and

pumping, calibration, and maintenance schedules.

124



Summary and directions for future research

Figure 6.3: Time-series of turbidity, �ow and rainfall at the municipal drinking water
supply wells (Sep 2016 to Feb 2017). (a - Top) P28w0544, (b - Middle Top) P28w2993,
(c - Middle Bottom) 10081, (d - Bottom) 10082.

Figure 6.4: Turbidity decay constants extracted from exponential decays curves stim-
ulated by the initiation of pumps. Decay constants were calculated for decay curves
that occurred up to several months before and after the Kaik	oura earthquake. The
decay curves induced by the initiation of pumps immediately after the earthquake are
indicated by stars. Vertical error bars represent one standard deviation errors of the
decay constant. Horizontal bars, represent the length of decay time to background
levels. Decay times are generally less than 12 hours.
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Applications for a probabilistic model of groundwater responses

The probabilistic framework developed in Chapter 5 has potential to inform practi-

tioners in decision-making processes for increasing the resilience of water supply infras-

tructure to earthquake-induced shaking, aquifer pollution, turbidity increases, and geo-

chemical changes. As site e�ects were included within the assessment, GIS data could

be used to predict how susceptible di�erent parts of New Zealand are to groundwater-

level changes. This could be the �rst step towards formulating a groundwater-level

change susceptibility model for common earthquake events in New Zealand.

Lake Horowhenua water-level changes

Lake Horowhenua is a shallow lake located within the Manawatu-Wanganui region

(North Island, New Zealand), which is fed by small streams and discharges into the

Hokio stream. Horizons Regional Council reported a signi�cant persistent increase in

the water-level of Lake Horowhenua, around the time of the 2016 Mw 7.8 Kaik	oura

earthquake (S Collins, personal communication 2017) that warrant further investiga-

tion.

There are two monitoring wells (∼17 m in depth, 362999 and 352261), that are up-

and down-stream of the lake respectively. Several streams drain on the Kapiti coast

and are sourced from the Tararua range. There are six gauges on six separate streams

upstream and to the South of Lake Horowhenau. Rainfall is monitored upstream of

Lake Horowhenua and to the North in Palmerston North.

In the month prior to the Kaik	oura earthquake, the lake water-level was ∼1.3 m

(Figure 6.5). Over the earthquake interval, the water-level rose to ∼1.6 m. The moni-
toring wells 362999 and 352261, both responded to the Kaik	oura earthquake (Chapter

3). Between mid-2013 and mid-2017, Lake Horowhenua water-level �uctuated season-

ally between ∼1 and 1.4 m. Only in two instances have water-levels exceeded ∼1.4 m,
in mid-2015, and around the time of the 2016 Mw 7.8 Kaik	oura earthquake.

While the temporal association of the high Lake Horowhenua water-levels with the

2016 Mw 7.8 Kaik	oura earthquake remains intriguing, at this stage the contribution

of the Kaik	oura earthquake to the increase in water-level cannot be deduced. This is

because rainfall occurred prior to the earthquake, contributing to stream-�ow and lake

water-level increases. To quantify the contributions of the Kaik	oura earthquake to the

increased Lake Horowhenua water-levels, modelling could be implemented, similar to

that used by Rutter et al. (2016). Modelling could quantify rainfall and groundwater

inputs into the lake by assessing historical events and lag times for for �ows reaching

the lake (JJ Weir, personal communication, 2017).
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Figure 6.5: Lake Horowhenua water-level, groundwater-level, stream-�ow and rainfall
two months prior to and after the Kaik	oura earthquake.
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6.5 Concluding statement

6.5 Concluding statement

This thesis describes a regional-scale, multi-site, multi-earthquake study that includes

the absence and occurrence of responses, across moderate to large magnitude earth-

quakes from the past decade. Earthquake-induced groundwater-level and tidal be-

haviour changes were examined in a range of aquifers, rock types and hydrogeological

settings. Monitoring wells were in the near- and intermediate-�eld with respect to

a variety of earthquakes that produced a range of shaking intensities. The study of

seismic and hydrogeological factors in the internationally signi�cant New Zealand "hy-

droseismicity" dataset culminated in the �rst attempt at a probabilistic framework for

earthquake-induced groundwater-level changes in the context of felt shaking intensity

using the MM scale. Inclusion within the MM framework is a novel and more universal

approach compared to the metric of epicentral distance, magnitude and seismic en-

ergy density. It has potential to enable better comparison of international studies and

inform practitioners making decisions around water supply infrastructure resilience in

seismically active regions.

128



Summary and directions for future research

Appendix
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A Tidal analysis: Earth and ocean

tidal responses

Table A.1 contain sea level site locations, depth and distance from shore and tidal

properties. Sea level site properties were collected from Environment Canterbury and

tidal properties were calculated using the methods described in the paper. Table A.2

and A.3 contain borehole locations, depth and distance from shore and tidal properties.

Borehole properties were collected from Environment Canterbury and tidal properties

were calculated using the methods described in the paper.

Table A.1: A table of the two sea level sites in the Canterbury region,their locations,
physical and tidal properties. The tidal properties were computed for the whole time
series. Chch = Christchurch.

Sea
level
site

Latitude,
Longi-
tude

Time
series

Depth
(m)

DTS
(km)

M2
BKu

M2
φlag

M2 A
(mm)

S2 A
(mm)

K2 A
(mm)

O1 A
(mm)

S1 A
(mm)

K1 A
(mm)

Chch -43.57,
172.77

01/08-
01/15

0 0 945.12 74.6 763.7 50.1 19.1 25.7 0.3 44.6

Timaru -44.39,
171.26

01/08-
01/15

0 0 946.97 107.2 762.9 90.4 32.3 31.3 0.2 29.4

Table A.2: A table of the earth tide boreholes, their locations, physical and tidal prop-
erties. The tidal properties were computed for the whole time series. The amplitude
of the M2 and O1 waveforms are included, as well as similar frequency waveforms that
are contaminated with barometric- and thermal-e�ects. The table is ordered in terms
of distance to shore (DTS).

Well
number

Latitude,
Longi-
tude

Time
series

Depth
(m)

DTS
(km)

M2
BKu

M2
φlag

M2 A
(mm)

S2 A
(mm)

K2 A
(mm)

O1 A
(mm)

S1 A
(mm)

K1 A
(mm)

K38/0013 -44.17,
171.40

01/08�
01/15

79 6.2 5.6 -4.2 4.1 2.3 1.6 1.9 0.1 1.7

M36/8515 -43.80,
172.30

01/08�
01/15

139.4 7.3 5.3 -1.6 5.1 3.8 0.7 2.8 0.4 3

K36/0439 -43.72,
171.75

01/08�
01/15

230 35.3 5.6 14.5 4.9 5.3 1 2.5 0.3 14.3

K36/0494 -43.72,
171.75

01/08�
11/12

172 35.3 11.1 2.7 7.9 4.9 0.8 4.6 0.1 4.6

K36/0495 -43.72,
171.75

01/08�
01/15

195 35.3 7.4 -12.3 3.9 3.2 1.1 4 0.1 2.2

L35/0686 -43.32,
172.08

01/10�
01/12

186.5 51.7 5.5 -2.1 4.8 2.7 0.2 1.9 0 1.8

H39/0148 -44.52,
169.85

12/09�
01/15

60 105 5.7 2.6 4.6 4 0.6 2.3 0.5 2.8
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Table A.3: A table of the ocean tide boreholes, their location, physical and tidal
properties. Tidal properties were computed for the whole time series. The amplitude
of the M2 and O1 waveforms are included, as well as similar frequency waveforms that
are contaminated with barometric- and thermal-e�ects. The table is ordered in terms
of distance to shore (DTS).

Well
number

Latitude,
Longi-
tude

Time
series

Depth
(m)

DTS
(km)

M2
BKu

M2
φlag

M2 A
(mm)

S2 A
(mm)

K2 A
(mm)

O1 A
(mm)

S1 A
(mm)

K1 A
(mm)

L37/0693 -43.97,
172.01

01/08�
01/15

80 0 59.3 73.5 377.5 44.2 16.3 17.8 0.3 20.5

M35/7753 -43.53,
172.74

01/08�
02/11

55 0.2 55.6 51.1 414.3 26.6 7.4 15.6 0.2 25.2

M37/0287 -43.84,
172.54

01/08�
01/15

62 0.2 25.6 75.4 306 35.2 12.2 12.5 0.1 11.5

K38/1705 -44.19,
171.49

01/08�
01/15

100 0.2 181 62.2 171.7 21.9 6.6 8.9 0.1 7.7

K38/1706 -44.19,
171.49

01/08�
01/15

72.5 0.2 25.1 42.9 160.7 20.1 6.5 9.2 0.1 7.8

K38/1707 -44.19,
171.49

01/08�
01/15

34 0.2 29.8 32.8 122.1 14.9 5.2 7.3 0.1 6.7

K38/1821 -44.19,
171.49

01/08�
01/15

19.4 0.2 16.2 70.6 83.2 9.6 3.5 4.1 0.2 3.7

M36/5893 -43.55,
172.75

01/08�
01/15

54.3 0.2 86.1 41.8 429.8 28 8.5 17.9 0.2 27.9

M36/5894 -43.55,
172.75

01/08�
01/15

84.7 0.2 164.5 33.7 272.8 19 4.9 15 0.2 21.7

M36/5895 -43.55,
172.75

01/08�
01/15

138 0.2 22 54.4 461.1 38.2 9.6 18 4.4 23

M37/0461 -43.86,
172.33

01/08�
01/15

15.5 0.7 449.8 59.2 68.6 8.6 2.9 3.6 0.4 2.4

M37/0463 -43.86,
172.33

01/08�
01/15

84 0.7 34 65.7 178 21.5 7.5 8 0.1 6.6

M35/5691 -43.51,
172.72

01/08�
05/12

98.9 0.8 15.3 27.1 162.9 31.8 4.6 10.7 0.2 15.9

J39/0875 -44.49,
171.20

12/10�
01/15

143 1.9 24.6 19.4 49.8 8.5 2.2 3.6 0 1.1

M35/5760 -43.55,
172.70

01/08�
01/15

68 3.9 363.7 -70.9 19.9 1.1 0.5 1.3 6.4 1.7

M35/6107 -43.55,
172.70

01/08�
01/15

39.1 4 63.6 -9.8 72.4 4.3 0.5 4.2 0.5 7.7

M36/5325 -43.56,
172.70

01/08�
01/15

33 4 207 0 126.7 8.4 2.2 7.8 0.1 10.8

M36/5385 -43.56,
172.70

01/08�
01/15

6 4 196.4 -29.7 59.1 5 0.6 4.4 0.1 4.1

M36/7535 -43.55,
172.70

01/08�
01/15

20.7 4.3 158.5 -100.7 14.9 0.3 0.6 2.6 0.1 3.7

M35/1163 -43.42,
172.66

01/08�
01/15

85.3 4.4 84 0.6 21.5 14.3 1.1 2.3 0.1 4

M36/5384 -43.57,
172.70

01/08�
02/13

6 4.5 434 -111.7 10.7 0.7 0.4 1.8 0.4 3.5

M35/0846 -43.39,
172.65

01/08�
01/15

87.5 4.7 19 -19.4 44.9 31.4 4.6 3.3 5.9 28.4

M36/1159 -43.57,
172.70

01/08�
02/12

33.8 4.9 465 -15.2 28.3 2.7 0.6 2 0.1 3.7

M36/1160 -43.57,
172.70

01/08�
01/15

30.8 4.9 291.7 -32.6 18.7 1.4 0.5 1.5 0.8 1.7

L37/0022 -43.92,
172.00

01/08�
01/15

62.7 5.4 533.2 7.3 48.4 11.2 2.8 2.8 0.6 29.8

M36/1917 -43.57,
172.69

01/08�
02/11

33.4 5.4 22.6 -20.1 14.7 5.7 0.9 3.2 0.1 6.3

M36/4730 -43.55,
172.68

01/08�
03/11

33.5 5.6 78.4 -23.2 10.9 14 2.4 2.7 0.1 7.8

M36/4628 -43.55,
172.68

01/08�
02/11

75 5.7 219.6 23.5 26 0.9 0.3 1.7 0.1 5.7
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Tidal analysis: Earth and ocean tidal responses

Figure A.1: Map showing clustered wells in the Canterbury Plains monitoring system.
Cluster number is consistent with Figure 4.6.

.
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Figure A.2: Water-level changes that occurred nearby permeability changes detected
by tidal behaviour changes. (a - Top) Mw 7.1 Dar�eld earthquake. (b - Bottom) Mw

6.2 Christchurch (February) earthquake.
.
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