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Re, My objection to the approval of
The Santos Narrabri Gas Fracking Project

Commission Members,

I am an Australian citizen with no connection to the Pilliga area, other than my
passionate resolve in regard to protecting the whole of Australia for the future, from
projects, which, in my opinion, will damage the environment permanently, causing
major problems for the present and future population of our country. I do feel I know
the area well from my reading of, and referral to, the immensely descriptive book “A
Million Wild Acres” researched and compiled by Eric Rolls, who lived in that area. A
book I respectfully commend, to anyone wishing to absorb both the history and the
incredible diverse natural biodiversity of that area. My credentials to make the
objections which follow, include a career in the construction industry, involving
project management of major projects in the Sydney CBD and North Sydney, and
fifteen years as the principal of a building consultancy, operating mainly as an expert
witness in legal matters. My major client over a number of years was Alliance
Insurance. I have lectured by invitation at The University of Technology, and
presented a paper there on project management..

I wish to render my objections to the approval of the above project for the following
reasons:

The most important reason is one, which, in my opinion, has not been considered in
the Santos submission, and, if I am correct in my assumptions, could cause a major
disaster to the environment which the area could not recover from. To appreciate the
matter, it is necessary to consider together, both the Santos submission, and also
another major project under assessment in the same area, namely, The N.S.W. Great
Artesian Basin Shallow Water Resource Plan. The latter being a plan to control water
sharing between New South Wales, Victoria, and South Australia, with the intentions
of using the water in the shallow water aquifer, which exists in the top sixty metres
below ground level, for agricultural , environmental, and business use. The intention,
to use up to 20% of the water available. This water has no connection with the waters
of The Great Artesian Basin, which lies at a much greater depth, separated by rock
strata from the sub surface water. This sub surface area of sixty metres in depth,
consists of unconsolidated sediments of sandstone, mudstone, siltstone, and shale,
which, being unconsolidated, allows for the space for water to accumulate in the
ground, to form The Great Artesian Shallow Water Resource.

The water table of this resource, can be as near as ten metres from the surface, and
existing bores are utilised for water for towns in the area, and for agriculture. Both of
whom depend on it. The natural situation which exists to focus on, is the sub surface
material of this resource, being unconsolidated, and the fact that under certain
conditions, any unconsolidated material can be consolidated by vibration, and thus
occupy a smaller space. In my opinion, there is a risk of such an action occurring, if



the Santos project is approved and allowed to proceed.

To appreciate the philosophy of my contention, it is necessary to consider the history
of fracking in other areas of the world, and to consider the knowledge and reactions in
other countries and communities, to events which have occurred as the result of
fracking procedures to the detriment of those areas, principally, fracking causing
earthquakes in surrounding areas, which are large enough to cause damage to
buildings and the terrain many kilometres away, and the tremors continuing for long
periods after the initial fracking has been accomplished. Currently as a result of such
events occurring, fracking has been banned in Canada, the states of New York, in
2015, Vermont in 2012, Maryland, in 2017, Pittsburgh Pennsylvania in 2010,
Philadelphia in 2012, Beverley Hills California in 2014, Ohio City, Bradview Heights,
Mansfield, Oberlin, and Yellow Springs, Ohio, in 2012, Denton, Texas, Boulder
County Colorado , Mora County, New Mexico in 2014, Hawaii County, in 2013. In
Europe, France in 2011, The Netherlands, Germany, in 2012, Bulgaria, in 2012, Spain
in 2012/13, Switzerland, Italy, Northern Ireland in 2017, Scotland, in 2017, Wales,
and recently on 2-11-19, in England, based on scientific investigations involving
earthquakes, caused by only one fracking installation in Lancashire, which caused
earthquakes with a 2.9 M/L force. (M/L figures are similar to the Richter scale)

Refer to the attachment “A” for the scientific analysis which states, “That it is not
currently possible to accurately predict the probability or magnitude of earthquakes
linked to fracking operations“. In The U. S. there have been earthquakes linked to
fracking up to 5.7 on the Richter scale, near Prague Oklahoma, and in China, some of
a 4.9 force.

There is then, scientific analysis and recognition, that fracking can cause earthquakes,
with significant earthquakes occurring in the Lancashire, England fracking process,
while scientists were analysing the situation, leading to the UK government
abandoning fracking support altogether. This, from only one fracking well site.
Reports on the web, describe swarms of earthquakes occurring in the areas of the US
where fracking is taking place.

Earthquakes cause damage to terrain and structures in various ways. Some by direct
ground movement, both vertical and horizontal. The salient one, with respect to my
objection to the Santos project, is that of liquefaction. This phenomenon can occur
under the influence of an earthquake, and or, ground tremors, in water saturated
unconsolidated soils. In such a situation, the material constituting the unconsolidated
ground, under vibration, flows as a liquid, and consolidates in the process, thus
collapsing and decreasing the overall volume of the soil, causing amongst other
alterations, the water content to be pushed out vertically to the surface. Refer to the
attachment “B”, A scientific report titled “Liquefaction Induced Flooding in
Christchurch New Zealand” by C.A. Davis, S. Giovinazzi and D. Hart, a paper
presented to the 61CEGE 6" International Conference on Earthquake Geotechnical
Engineering, held on 1-4 November 2015 in Christchurch New Zealand.

I have no geotechnical education, however, In the subject matter, I consider that it is
logical to consider the Santos proposal, together with the NSW Great Artesian Basin
Shallow Water Resource Plan, and the effect that seismicity induced by fracking,
could have, on an unknown area possibly large scale. The tremors from the single



fracking site in Lancashire, impacted only some eight kilometres away with a 2.9
Richter scale earthquake. The earthquake of February 201 1described in the
Christchurch situation was 6.2 in intensity, and was felt 150 kilometres away. My
concerns follow. Neither the Santos submission or The Great Artesian Basin Shallow
Water Resource Plan, considers the risk of fracking induced earthquakes affecting the
upper 60 metres of ground over the Great Artesian Basin. In fact, In The NSW GAB
Shallow Groundwater Sources, Resource Description Report, (NSW Department of
Industry 2018A) with regard to The GABSWR proposal, refer in clause 4.3 of their
risk assessment, in regard to unconsolidated sediments, that “sediment compaction
can lead to impacts on surface water users, and that sediment compaction can lead to
subsidence.” The report then states, “that sediment compaction is outside the report’s
scope of risks " '

The scientific report in relation to the fracking induced earthquakes at Preston New
Road, Lancashire, U.K. states, “that it is not possible with current technology to
accurately predict the probability or intensity of tremors associated with fracking.”

That conclusion was from scientific investigation of the results from just one well.
The Santos plan is to drill 850 wells over a large area. It is logical to state that;

(a) Although geotechnical surveys have been carried out, there is no complete
knowledge of the ground/water make up in that and other areas, which could
be affected.

(b)  Itis impossible to forecast what effect 850 wells collectively will have, in
regard to induced seismic activity, and to what distance such activity might
extend.

(¢) A major earthquake could affect a very large area, and the known ground
situation of water saturated unconsolidated ground, could be prone to
liquefaction.

(d) The results of liquefaction could include

(1)  Temporary surface flooding. With the water lost by evaporation

(2)  Ground level subsidence.

3) Irreversible ground compaction, making it impossible for the shallow
water aquifer to be recharged in the future.

(4) Rivers and current bores drying up permanently.

(%) The great Artesian Basin Shallow Water Resource or part, could be lost
for ever

(6)  Agriculture and complete biodiversity over a large area lost for ever

My request is for the commission to seriously consider this possibility, after
confirmation by geotechnical experts that this risk is indeed present. I am aware of the
type of risk assessments quoted by assessment reports i/e low, medium, and high. I
consider the effects of a serious earthquake induced by fracking, causing liquefaction
to this area, are of such magnitude, as to mean no possible risk of such a happening



should be contemplated, or allowed at all, however small.

Is there any risk that fracking can damage the existing regime in The Great
Artesian Basin area?

A report entitled “The Independent Scientific Enquiry into Hydraulic Fracture
Stimulation in Western Australia, was commissioned by The Western Australian State
Government in 2017, prepared by a panel appointed by the Government, consisting of
Dr. Tom Hatton, (Chair), Phillip Commander, Dr. Ben Clennell, Professor Fiona
Haslam McKenzie and Dr. Jackie Wright. The final report was presented to the
Western Australian Government in September 2018. This inquiry report is extensive
in addressing every aspect of the fracking industry, including risks. In addressing, Is
there any risk that fracking can damage the existing regime in The Great Artesian
Basin area, 1 quote some of the findings of that inquiry report.

The full enquiry document is available on the web.

In Clause 6-12-3 Page 185, Induced Seismicity, it states in part; Human activities are
not capable of creating entirely new large faults in an intact rock mass, but they can
influence patterns of natural seismicity in several ways, A large increase in fluid
pressure in the subsurface from injection of significant volumes of fluids, (generally
water but can be gas storage) The fluid pressure reduces the effective stress acting to
resist fault slip, such that the forces needed for the fault to move eventually decrease
below the strength of the fault and it moves. and following, on page 186, This may
lead to an increase in seismicity and has been documented in several states in the
United States, where very large volumes of wastewater from oil and gas production
have been deposed of in surface wells. and, The induced seismicity that is well
documented from North America, can generally be shown to be associated with large
cumulative volumes of injection, and to require some months or years after the
injection of fluid ceases.

A further reason for induced seismicity is given on page 186. Reason being;

A large decrease in fluid pressure from the withdrawal of large quantities of water or
hydrocarbons from a sub surface reservoir. Owing to the complex of interplay of
forces in the sub surface and the fact that a reservoir is both porous and elastic, the
reduction in fluid pressure can change the stress balance such that a fault already
near the failure can reactivate. This may occur gradually (a seismic slip), or rapidly
enough to produce microseismicity or, very rarely, a felt earthquake. Typically, this
scenario leading to felt seismicity is associated with very large and long term
withdrawal of large fluid volumes from a reasonably deep but still compressible rock
reservoir. (Gonzalez et al 2012) examined how the 5.1 magnitude 2011 Lorca
earthquake in Spain, which led to nine deaths, was probably caused by extensive
withdrawal of groundwater for agricultural use. and further on page 186, The
Groningen conventional gas field in the Netherlands is an example of an area where
decades of gas production has led to tens of centimetres of cumulative ground
subsidence, the reactivation of faults and sporadic felt seismicity in the vicinity. (Van
Wees et al. 2017) and references therein.

On page 187;Conditions in the Appalachian region of North East United States
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where the Utica and Marcellus shale is encountered, have been considered to have a
somewhat higher risk owing to greater complexity of structures (Arthur, Bohm &
Layne 2008). Indeed, a series of induced earthquakes, including a felt magnitude
event, was recorded in the heart of the producing region of the Utica Shale in
Youngstown, Ohio in 2011 ( Skoumal, Brudzinski & Currie 2015) and further on Page
187; Public attention was drawn on the topic of induced seismicity outside of North
America following an earthquake of =2.3 Mw close to the site of a hydraulic fracture
stimulation operation near the city of Blackpool in Lancashire in the United Kingdom
(UK) in 2011 (Clarke et al. 2014) This gave rise to a series of investigations by
government agencies and eventually to changes in regulations by The United
Kingdom Qil and Gas Authority. and, in part page 187; There have been more reports
of seismicity induced by hydraulic fracture stimulation operations. and; on pages
187/188: There is evidence from the Duverney Shale in Alberta, that the extent and
size of seismic events increases in line with the amount of fluid pumped during a
series of hydraulic fracture stimulations in a field (Schultz et al. 2018); This study
noted that there can be a delay of months or years from the commencement of
hydraulic fracture stimulation operations, to the point where enough fluid has built up
to have a noticeable effect on seismicity in a particular field. Follow up investigations
by Eaton & Schultz (Eaton & Schultz 2018) showed that the induced seismicity was
concentrated where a high level of overpressure already existed within the shale
formation, that is, the extra fluids injected during hydraulic fracture stimulation
tipped some faults within these zones over the edge into a condition of failure. and on
page 188; A combination of many factors is necessary for injection to induce felt
earthquakes. These include, faults that are large enough to produce fell earthquakes;
Stresses that are large enough to produce earthquakes; and The presence of fluid
pathways from the injection point to faults, and fluid pressure changes large enough
fo induce earthquakes.

In Triggered Seismicity, Clause 6.12.4 pages 189, and 190, it states; Triggered
seismicity is a term used to describe an earthquake that occurs at a particular time
owing to a distant external event disturbing an already unstable fault, leading it to
reactivate. This is distinct from induced seismicity, where local changes in stress and
fluid pressure directly lead to an earthquake happening. With regard to hydraulic
fracture stimulation, this induced seismicity is usually within a few kilometres of an
injection well. On rare occasions, seismicity can be induced up to tens of kilometres
away from the area of fluid source when the cumulative volumes and consequent
changes in the state of stress around a field of injection wells are very large and
propagate along faults and fracture corridors over a period of years (Peterie el al.
2018) and further;

It is possible that the build up of pressure and stresses caused by human activity could
place a nearby fault close to it’s failure condition, and then an external event such as
a large earthquake could tip that fault into an unstable state wherein it does fail and
produce a new rupture. While it could be argued that the earthquake was triggered,
the conditions preparing for failure are man made, so it still would be seen as an
induced event. This is the case even if it was one of a series of earthquakes associated
with human activity that appeared to elevate the level of seismic activity over that
previously recorded in the area. Van Der Elst et al. (van der elst et al. 2013) report an




increase in the incidence of remote triggering within areas of suspected
anthropogenic earthquakes in the American Mid West .

In my opinion, the scientific evidence proves that earthquakes can result from fracking
operations, and that the behaviour of the ground can not be predicted, even with one
well, with 850 wells there is then a definite risk of environmental damage. The ground
conditions are evidently a complex issue, with unknown values, making positive
prediction of ground behaviour virtually impossible.

My further reasons for objecting to approval of the Santos submission

The possibility of polluting of the Great Artesian Basin waters, which, although at a
great depth below the rock fracking area, could be polluted by the chemicals used in
the fracking. There is no way of knowing the composition of the ground between the
fracking area and the waters below. There are likely to be faults in the rock which
could be affected by the seismic effects described previously. Such tremors could
cause crack and movement in existing faults in the rock strata, between the fracking
area and the artesian basin, allowing free access for polluted waters to flow in to the
basin This surely is logical reasoning. Again, in my opinion, a no risk at all strategy
should be the case for this matter. Such a happening simply can not be repaired and
would be the ultimate in environmental damage.

Damage to the environment at surface level

I understand that there no plans are in place to remove the large quantities of salt
which result from the drilling of the wells. Each well is required to have a bund to
store the salt water adjacent to the well. The water also contains chemicals which are
known to be dangerous to the environment. There are bound to be spills of this water
and other liquids used in the process. The United States E.P.A. in The Journal
Environmental Science and Technology, states that up to 16% of wells spill liquids in
the USA, and between 2005 and 2014, there were 6648 such spills at fracking well
sites.. The ground and environment around wells where spills occur, is likely to be
irremediable. A further issue is, that each well site covers around 2 hectares, and 850
wells separated by 750 metres. There will be a network of roads connecting the drill
sites, cutting up the area into a large number of blocks separated by the roads for the
length of the project over 20 years. This will effect the biodiversity of those areas to a
great degree, in my opinion. Birds and animals will leave these areas for good. They
will not be around to come back in twenty years. The idea that such a development
can be repaired back to the original, is untenable. Once an environment is destroyed,
logic says, that any environment the subject of remediation, will never be the same.
The environment will alter from what is prevalent now, and no amount of
rehabilitation of the area will bring it back to what exists currently. There is a large
diversity of bird, animal, and plant life in the Pilliga, as described by Eric Rolls, in his
book, “A Million Wild Acres®, Refer to attachments “C” and “”’D” from that book,
which lists the birds and plant life which exists there, and under threat. There are 222
species of birds, and about a thousand species of plants in The Warrumbungle
National Park, The Pilliga Nature Reserve, and State forests, some rare in the 14000



square kilometres, surely an environment requiring the ultimate in protection.

The Great Artesian Basin and The Great Artesian Basin Shallow Water Resource are
unique national assets to Australia of huge proportions, natural wonders which could
never be replaced. Assets which need to be protected from any threat to their
viability as a resource. Fracking is a threat, which scientists state, is an operation
where it is not possible to predict ground behaviour which can result from fracking,
creating a risk which should not be contemplated, in my opinion. The Precautionary
Principal should surely apply to this proposal.

[ trust that my submission against the approval of this Santos project will be treated
seriously by the Independent Planning Commission.

Yours sincerely

John Eccles
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Press refease

Government ends support for fracking

Government ends support for fracking in England on the basis of new scientific analysis, published today.

Published 2 November 2019

From:
Department for Business, Energy & Industrial Strategy (hitps://iwww.gav.uk/government/organisations/department-for-
business-energy-and-industrial-strategy), Oil and Gas Authority (hitps:/iwww.gov.uk/government/organisations/oil-and-gas
authority), The Rt Hon Kwasi Kwarteng MP (hitps:/iwww.gov.uk/government/peoplefkwasi-kwarteng), and The Rt Hon
Andrea Leadsom MP (https://www.gov.uk/government/people/andrea-leadsom)

« Qil and Gas Authority report published today concludes that it is not possible with current technology to accuratel

predict the probability of tremors associated with fracking
- Separate proposals to change the planning process for fracking sites will no longer be taken forward at this time

Fracking will not be allowed to proceed in England, the government has announced today, following the publication of
new scientific analysis.

Ministers took the decision on the basis of a report by the Oil and Gas Authority (OGA)

(hitps:/Awww. ogauthority.co.uk/exploration-production/onshore/onshore-reports-and-data/preston-new-road-pnr-1z-hydraulic-
fracturing-operations-data/), which found that it is not currently possible to accurately predict the probability or magnitude
of earthquakes linked to fracking operations.

Fracking already takes place across the world including in the US, Canada and Argentina. However, exploratory work
to determine whether shale could be a new domestic energy source, delivering benefits for our economy and energy
security, has now been paused - unless and until further evidence is provided that it can be carried out safely here.

Ministers have always heen clear that the exploration of England’s shale gas reserves could only proceed if the
science shows that it is safe, sustainable and of minimal disturbance to those living and working nearby. For that
reason, government introduced tight planning controls through the Infrastructure Act 2015 and set strict limits on

seismicity, in consultation with industry.



r ,,‘, i 6" International Conference on Earthquake Geotechnical Engineering
ﬁ u 1-4 November 2015

Christchurch, New Zealand

4

Liquefaction Induced Flooding in Christchurch, New Zealand
C. A. Davis', S. Giovinazziz, D.E. Hart®

ABSTRACT

Large, low-lying tracts of eastern Christchurch, New Zealand, were inundated multiple times with
water several centimeters deep as a result of earthquake-induced liquefaction processes initiated
by the main events in the 2010-2011 Canterbury earthquake sequence. The water and soil ejection
process from liquefaction is well understood. However, the extent of possible ejecta and the
resulting impacts on communities are neither understood nor documented. This paper presents
observations and some lessons learned from the liquefaction-induced flooding and sedimentation
experienced in Christchurch. These processes resulted in costly damages to private properties and
to the water, sewer, storm water, and transportation lifelines systems as well as hindering people’s
mobility and access to emergency services in the carthquake aftermath. Additionally, emergency
response and recovery activities were delayed or hindered. Results of this initial investigation
identify the need for better understanding of the conditions leading to severe liquefaction-induced
flooding and sedimentation to allow for improved public policy and engineering mitigations.

Introduction

Between Sept. 4, 2010 and Dec. 23, 2011, the Canterbury, NZ region was shaken by a
historically unprecedented earthquake sequence which caused extensive liquefaction in and
around Christchurch. In many areas the liquefaction was so severe it resulted in flooding across
large areas for many hours to days following the earthquake. This water and soil ejection
process from liquefaction is well understood. However, the extent of possible ejecta and
resulting community impacts is not well understood or well documented. The 2010-11
carthquake sequence provides unique examples of extensive liquefaction in numerous
communities who suffered flooding primarily from water and soil being ejected from the ground
as a dircet result of the liquefaction process. The purpose of this paper is to provide initial
documentation of these examples and the resulting impacts to infrastructure. The study
summarized herein is part of a much broader on-going international project investigating
earthquake-flood multihazard impacts to lifeline systems.

Canterbury, New Zealand, Earthquake Sequence of 2010-2011
The Canterbury, New Zealand region was struck by a sequence of earthquakes in 2010 and 2011;

the most significant being: My, 7.1 on Sept. 4, 2010; My, 6.2 on Feb. 22, 2011; My, 5.8 and My
6.0 on June 13, 2011; and My, 5.8 and My, 5.9 on Dec. 23, 2011. The 2010 earthquake epicenter

lResilience Program Manager, Department of Water and Power, Los Angeles, USA, crai a.davisi@ladwp.com
?Research Fellow, University of Canterbury Dept. of Civil and Natural Resources Engineering, Christchurch, NZ,
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was located 45 km west of Christchurch while the 2011 earthquakes were about 6 to 10 km from
the Christchurch city center. This earthquake sequence resulted in significant seismic-induced
geotechnical mechanisms increasing flood susceptibility in the Christchurch area, including
vertical tectonic movements, liquefaction induced settlement, and lateral spreading. This paper
focuses on liquefaction-induced flooding and sedimentation. Other geotechnical aspects are part
of on-going earthquake-flood multihazard studies (e.g., GEER, 2014).

Earthquake-Induced Liquefaction Process Leading to Flooding

Figure 1 shows flooding after the February 22, 2011 Christchurch earthquake resulting from
large volumes of liquefaction-induced water bubbling out from the ground in portions of the city,
which was compounded by water flowing from broken pipes and groundwater wells. The
liquefaction process is well understood and can be found in numerous references (e.g., Idriss and
Boulanger, 2008). This section does not provide new information on the liquefaction process,
but instead summarizes the process as it relates to the flooding observed in the Canterbury
region, using surficial flooding and erosion as an analogy, and provides a technical context for
the impacts on community and lifeline systems.

(b)

Figure 1. Typical liquefaction induced flooding of Christchurch suburbia from Feb. 22, 2011. (a)
Aerial view of estuary-proximal suburb of Bexley (Crown Copyright 2011, NZ Defence Force —
Some Rights Reserved). (b) Flooding of Anzac Dr. (courtesy T. O’Rourke).
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Figure 2. Saturated soil element experiencing undrained shear strain from earthquake shaking,
liquefaction, and solidification. (a) Initial un-sheared state with particles supported by grain-to-
grain contact. (b) Element experiencing shear deformation rearranging the soil particles. (c)
Element returned to un-sheared condition after developing maximum pore pressure (liquefaction)
with particles in a suspended condition. (d) Particles in liquefied element begin to fall out of
suspension showing initiation of solidification front Sr. (¢) Solidification front propagating
upward. (¢) Element with particle arrangement in final solidified state showing final settlement.



Figure 2 diagrams the liquefaction process. Liquefaction generally occurs in loose, saturated or
partially-saturated non-cohesive soils. During earthquake shaking, the granular soil contracts
decreasing in volume, The volume decrease occurs as the soil particles move and attempt to fill
the void spaces within the loose soil mass. In saturated soils, the void space is filled with water.
If drainage is unable to occur during the shearing and contraction process (Fig. 2b) the
incompressible water temporarily prevents the soil grains from contracting (Fig. 2¢). As the soil
void space attempts to decrease, the load is transferred from the soil structure to the water mass,
resulting in an increase in pore water pressure and stress reduction on the soil grains. Water
pressure can build up to a value equal to the overburden pressure, at which point the effective
stress drops to zero, creating a liquefied condition, and the soil grains are put in a state of
suspension (Scott, 1986) as shown in Figure 2c¢.

The excess water pressures generated in the soil mass are dissipated by solidification and water
flow. The water flow tends to move upward due to an upward hydraulic gradient (Idriss and
Boulanger, 2008). The water flow initiates from the bottom of liquefied soil layers as the
particles settle by falling out of suspension (Scott, 1986) as shown in Figure 2d, and creates an
intra-layer water gap or loose soil zone as shown in Figures 2d and 2e. Figure 2e shows the
upward propagation of a particle solidification front through a soil element, which eventually
results in total settlement within the element as shown in Figure 2f. This is a constant volume
process which is understood by comparing Figures 2a and 2f. These figures show how the soil
particles are rearranged within the same unit volume and during settlement the water moves
upward relative to soil particles, but the top of water gap or water film shown in Figure 2f is the
same elevation as the original top of the soil grains shown in Figure 2a.

As shown in Figure 3, in large soil deposits intermediate soil layers having lower permeability
(e.g., a very thin silty layer above a massive sand layer) may reduce the rate of flow causing
build-up of a water film and lateral water flow. The generation of water films add to the
potential ground instability which may already exist due to reduced soil strength. The unstable
condition results in ground deformations and cracking. Tension cracks provide a low resistance
path for water to escape during the pore water pressure dissipation process. As the pressures
dissipate, the natural subsurface variability results in changes to the hydraulic gradient.

Soil Deposits
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Figure 3. Continuous fine grained layer within otherwise uniform sand. (a) Upward water flow
slowed at fine grained layer forming a water film; crack focuses soil-water slurry ejection on
ground surface and changes hydraulic gradient. (b) Final state of uneven ground conditions.



The formation of cracks and water films in the subsurface tend to focus the flow paths and create
complicated flow conditions and hydraulic gradients. The hydraulic gradients commonly have
sufficient velocity and force to erode subsurface soils. The soil particles in a liquefied state are
in a buoyant condition and highly susceptible to erosion. In fact, the initial hydraulic gradient set
up in a liquefied soil mass is analogous to initiating piping erosion or quick conditions (Idriss &
Boulanger, 2008). Soil erosion takes place along the subsurface water flow paths. Rapid
flowing water picks up soil particles along its course. In some cases the soil being eroded may
not have been liquefied, but simply located on the path of least resistance for pore water pressure
dissipation. This erosion process creates a soil-water slurry, which flows as described above for
subsurface water paths.

The water or a soil-water slurry flow is ejected from the earth, either onto the ground surface, or
into some subsurface cavity such as an underground vault, cracked or open pipe or other space.
The observable ejecta are shown in Figure 3 as a water flow, often accompanied with soil when
erosion takes place. Soil ejected onto the ground is commonly referred to as “sand boils”, “mud
spouts”, or “sand volcanos” as a result of the ejection process looking like material boiling up or
spouting from the ground, with resulting deposits forming cone-shaped mounds with central
craters akin to mini-volcanos as shown in Figure 3 and Figure 5a presented in a later section.

Because liquefaction is a constant volume process, as the ground settles the water and soil
sedimentation deposition depth above the ground increases and inundates the surface as shown in
Figure 3b. In the absence of surface drainage, the water surface elevation after the liquefaction
process is completed remains approximately the same as the original pre-carthquake ground
surface elevation. The variation in subsurface conditions and erosion process results in
differential settlement across the ground surface. The inundation depth of flooding is
approximately equal to the settlement when original groundwater is near the surface.

Analog with Surface Water Flooding

The liquefaction-induced flooding from the groundwater has an analogy with surface water
flooding. Flooding occurs from the accumulation of source water of sufficient volume to
inundate areas of land. Normally this occurs from water above ground such as rain, snow melt,
dam/levee failure, etc. The hydraulic gradient created from water flow may be sufficient to
erode soil and move other materials, which can then be transported and deposited downstream as
debris. During the liquefaction process the groundwater serves as the source water, which can
erode the subsurface soils and deposit them where the water is ejected from the ground. This
analog is useful for relating the liquefaction-induced flooding and sedimentation to other more
common flood events created from surface waters and associated sediment and debris deposition.

Liquefaction-Induced Settlement and Flooding in Christchurch, NZ

Ground settlements resulted from multiple geotechnical mechanisms including: (1) head ward
vertical slumping from lateral spread movements, (2) solidification of liquefied soils, and (3) loss
of ground from the subsurface soil erosion and ejection process. Approximately 87% of the
settlement is estimated to be associated with the ejecta (Van Ballegooy et al., 2014). These
settlements increased the flooding opportunity by providing lower laying areas for water to pond

—



as shown in Figure 1b. Settlements from solidification and soil ejection occurred as the
liquefaction-induced floodwaters were ejected to the ground surface; that is, the ground was
settling as water was ponding on the lowered ground surface. In a sense, a bowl shape was
formed giving an area to hold the ejected water. As shown in Figure 1, many streets were
inundated with water several tens of centimeters deep. Vast volumes of surface deposits were
removed after each event, combining with the accumulation of the three primary settlement
mechanisms to enhance the liquefaction-induced flooding potential for each subsequent
earthquake event. Cumulative settlement reached 0.3 to 1 m in different areas (GEER, 2014).

Liquefaction-induced flooding occurred in Christchurch city and nearby towns in all the
previously identified significant earthquake events within the sequence. Figure 4 presents some
examples of liquefaction-induced flooding in different locations and earthquakes. Not all
liquefied areas sustained flooding following the earthquakes. Many areas experienced
liquefaction-induced water and soil ejecta at the ground surface, without experiencing flooding,
due to insufficient water spouting from the ground, little or no damage to pipelines, and/or
sloped ground allowing ejected water to drain rapidly. Some areas experienced liquefaction
induced flooding from several of the earthquakes, while other areas only experienced flooding
from a single event. Those areas which experienced liquefaction-induced flooding were
generally low-lying and relatively flat, underlain by thick soil deposits having a relatively high
liquefaction potential and, crucially, featured shallow groundwater. Communities suffering
significant liquefaction-induced flooding in at least one earthquake include: Aranui, Avondale,
Avonside, Bexley, Bromley, Burwood, Central City, Ferrymead, Halswell, New Brighton,
Parklands/Queenspark, Richmond, Shirley, Wianoni, and Woolston/Brookhaven.  Large
inhabited areas were inundated, as seen in Figure 1, in all events resulting in liquefaction-
induced flooding of streets and properties, including homes and businesses. In total these areas
directly impacted at least tens of thousands of people multiple times resulting in extensive
infrastructure and property damages and associated economic impacts. Observations were also
made in large open park spaces and rural fields, where no developments or underground piping
exist. While these rural areas may have suffered little-to-no economic impact, they do provide
evidence for the source of flooding coming from the liquefaction process. Further evidence
comes from flooding in urban areas at elevations above river level, and in backyards contained
by walls and fencing (e.g., Figure 4b; https://www.youtube.com/watch?v=gDKLPLCC_Ok).

Figure 4. Liquefaction-induced flooding impacts. (a) Feb 22, 2011 flooded street in Aranui
suburb. (b) June 13, 2011 flooded property in Aranui suburb. (c) June 13, 2011 flooding streets
and property in Bromley. (Photos courtesy M. Lincoln, nzraw.co.nz)

Figure 1b shows a photograph of flooding on Anzac Dr. following the Feb. 22, 2011 earthquake



in the Bexley suburb. The water depth at time the photograph was taken is estimated as 200 to
300 mm based on curbs completely covered with water and the car bumper in the background
above water. Settlement in Bexley was about 300 mm for this earthquake. The reported
settlement and observed flood depths are consistent with liquefaction ejecta causing flooding, as
seen in Figs. 2 and 3. Further investigations are warranted to confirm these initial observations.

Damaged infrastructure contributed to the liquefaction-induced flooding in several ways.
Damaged pressurized water pipes and wells added to the volumes of flood water, and in some
cases created localized flooding. The damaged sewer and storm water drainage pipes were filled
with sands, reducing or completely eliminating their ability to drain water. Upstream wastewater
flows were either: (1) backed-up and flooded upstream at points where the hydraulic head
reached the ground surface elevation, or (2) discharged at the point of damage adding to local
flood conditions.

Impacts From Liquefaction-Induced Flooding and Sedimentation in Christchurch

Damaged non-pressurized pipes from sanitary sewer and storm water drainage networks created
open void spaces into which the subsurface liquefied soils flowed. Additionally, the increased
hydrostatic pressures placed buoyant forces on buried pipes, potentially displacing and opening
the pipe joints and/or causing the pipes and appurtenant structures to float. Sewage water
discharge contaminated some flooded areas causing health concerns. The flood water eventually
drained to rivers, estuaries and the ocean, thereby spreading the contamination. Also, as part of
the immediate response, raw sewage was pumped into local rivers within the city.

Figure 5 presents example impacts from liquefaction-induced sedimentation. Large volumes of
soil were ejected onto the ground surface and flowed considerable distances which: (i) blocked
drainage paths, (ii) filled catch basins, (iii) blocked streets, and (iv) trapped vehicles. Items (i)
and (ii) prevented drainage of liquefaction-induced inundation while items (iii) and (iv) reduced
or eliminated street functionality. The damaged pipes eroded large holes in the streets and
further impacted transport capabilities through (1) soil flowing into non-pressurized sanitary
sewer and storm water drainage pipes and (2) pressurized water pipes jetting and eroding holes.

(a

Figure 5. Liquefaction-induced sedimentation impacts. (a) Feb. 22, 2011 liquefaction sediments
forming cones (Curtesy T. Musson, commons.wikimedia.org). (b) Feb. 22, 2011 car partially
buried in sediments (Courtesy G. Gho, commons.wikimedia.org). (¢) June 13, 2011 street
blocked by liquefaction sediments and trapping vehicle (Courtesy M. Lincoln, nzraw.co.nz).
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In addition to the drainage problems, the sediments ejected onto the ground surface built up very
large sand volcanos with high, steep cones and wide, deep craters capable of bottoming out
vehicles attempting to cross over them (e.g., see hitp://izismile.com/2012/08/31/
christchurch_liquefaction 26 pics-11.htm and http://mauriroawaitaha.wordpress.com/). As seen
in Figures 4b and 4c, sediment build-up was sufficient to partially bury automobiles and block
streets (see also for example, http:/keithwoodford.wordpress.com/2011/02/27/understanding-
the-christchurch-earthquake-building-damage). Some people became temporarily trapped in their
cars as a result of sediment blocking their doors (http:/news.wikinut.com/Earthquake-strike-s.-
February-the-22nd-2011/190ccxng/). Roadways were choked with vehicles stuck in the loose
saturated sediment (http://www.stuff.co.nz/national/photos/4688271/Christchurch-aftershock-
Feb-22; https://quakestudies.canterbury.ac.nz/store/part/88391).

Sediment also flowed into subsurface sewer and storm water drainage pipes as depicted in Figure
6a. This flow into pipes caused several problems, including: (1) blocking sewage flow leading to
sewage flooding into streets, rivers, and estuaries causing widespread contamination, (2)
blocking drainpipe flow preventing drainage of liquefaction-induced flooding and enhancing the
post-earthquake flood problems, and (3) sinkholes in the streets impacting transportation,
mobility, safety, other nearby utilities, private property, and emergency response. Additionally,
some holes were eroded from damaged pressurized water pipes.

Figure 6. Sinkholes. (a) Car being pulled into sinkhole along with liquefaction sediment flow.
(b) Dump truck stuck in sinkhole obscured by water. (c) Fire engine stuck in hole Sept. 4, 2010
(Courtesy B. Richardson, nzraw.co.nz). (d) Car drove into sinkhole previously obscured by
water. (e) Large sinkhole swallowing street, vehicles, and power pole (Courtesy Perduta
commons.wikimedia.org). (f) Car completely engulfed within sinkhole. All photographs except
(c) are from Feb. 22, 2011. All photographs except (c) and (€) courtesy M. Lincoln, nzraw.co.nz.

The subsurface erosional flow of sediments into a pipe or other subsurface void space creates
different types of impacts, as shown in 6, than when the eroded sediments are cjected onto the
ground surface. The sinkholes and sediment in the streets inhibited emergency response and



recovery activities ranging from emergency response vehicles shown in Figure 6c to construction
equipment shown in Figure 6b to emergency water tanker trucks (e.g.,
http://izismile.com/2012/08/31/christchurch_liquefaction_26_pics-11.html). In many cases these
sinkholes were obscured by flood waters as indicated in Figures 6b and 6d and vehicles
unknowingly drove into these holes as circled in Figure 4a. As water subsided the holes retained
water, and people drove into them believing they were passing over a puddle not knowing the
ponding represented a deep hole (http://news.wikinut.com/Earthquake-strike-s.-February-the-
22nd-2011/190ccxng/). In other cases the sinkholes developed directly below vehicles and
sucked them into the formation. Figure 6e exemplifies how some sinkholes were very large and
dangerous, opening entire streets, affecting not only transportation corridors and vehicle safety,
but also other lifelines in the street and private properties.

In a few cases the sinkholes posed threats to lives, where vehicles either sank or drove into
sinkholes, or sank into surficial liquefied soils having no bearing strength (e.g. see in Figure 6f
the same car as circled in Fig. 4a). A few vehicles became engulfed to the extent drivers and
passengers could have drown. Additionally, there is documentation of people being trapped in
holes from the September 4, 2010 and June 13, 2011 earthquakes, and at least in one case a lady
was noted to have to claw her way out of the liquefaction (see for example
http://www.abc.net.au/news/2011-06-15/liquefaction-traps-christchurch-resident/2759046  and
http://www.nzraw.co.nz/news/fire-engine-stuck-following-christchurch-earthquake/). There are
no documented cases of severe injuries or fatalities in Christchurch resulting from this hazard.

Conclusions

Few, if any, studies have investigated liquefaction-induced flooding and sedimentation impacts
on lifeline systems. The liquefaction ejecta process was well documented and observable in
social media posts (e.g., youtube.com and flickr.com), providing strong evidence of liquefaction-
induced flooding. The Canterbury earthquake sequence highlights the rare but extreme
inundation problems that can arise from liquefaction processes. Christchurch also provides a
unique opportunity to investigate and document numerous liquefaction inundation impacts on
communities. Such documentation is helpful to prepare for similar potential problems in other
arcas. The geotechnical and urbanized development conditions leading to such extenuating
situations needs further investigation so guidelines for public policy and engineering mitigations
can be developed and used worldwide.
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Plant List

A full list of the plants in the Warrumbungle National Par|
Pilliga Nature Reserve and State forests would take up st
Space - about a thousand species have been recorded. M
Harden of the University of New England has compiled an
list of over five hundred species for the Warrumbungle Natioy
It is available from the National Parks and Wildlife Service, A
inary list for the Pilliga Nature Reserve is also available,
The following list is selected to show some of
also the extraordinary numbers of the orchid family and o
within some genera confined jn an area of 14,000 square kilor
is extracted from Gwen Harden’s list, from Barry Fox's o
made during his study of the Pilliga Mouse, from George Al
study of the genus Prostanthera, and from my own collection,

DROSERACEAE
Drosera auricuiata Tall Sundew
burmanniy
indica
LAMIACEAFE

Frostanthera cruciflora

Cross-flowered Mint By
denticulata sp. aff. P. denticulata
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granitica

sp. aff. P. granitica
howelliae

leichhardtii

sp. aff. P. leichhardtii
nivea var. nivea

nivea var. (ndufa
rolundifolia

saxicola var. bracteolata
stricla

Plant List

Snowy Mint Bush

Snowy Mint Bush

Round Leaf Mint Bush

Slender Mint Bush

Hairy Mint Bush (Found in
one gully only in the
Warrumbungles; equally
restricted elsewhere.)

MIMOSACEAE

Acacia amblygona
burrowii’
buxifolia
caesiella

caroleae (Formerly A. doratoxylon

var. angustifolia)
cheelti
conferta
concurrens
cultriformis
deanel ssp. deanel

decora

doratoxylon

Sflexifolia

Jorsythii

pladitformis

hakeotdes

harpophylla

implexa

ixiophylla

ixodes (Formerly A. gnidium
var. latifolia)

lanigera

Prickle-bush
Burrow’s Wattle
Box-leafed Wattle
Blue Bush

Motherumbah

Crowded-leafed Wattle

Curracabah

Knife-leafed Wattle

Deane’s Wattle or Western
Green Wattle (I found one
form with sensitive leaves.)

Western Golden or Silver
Wattle

Currawong or Spearwood

Bent-leaf Wattle

Forsyth's Wattle

Sword Wattle

Western Black Wattle

Brigalow

Hickory

Gin Gin
Woolly Wattle
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