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. Q
1 Introduction Q
v

1.1 About this document \

OGIA undertook a comprehensive assessment of coal seam gas (CSG) induced subsi

support an assessment of impacts on environmental values (EVs) for the UWIR 2021 2021a).
An overview of the assessment is presented in Chapter 7 of the UWIR. This companign®document
supplements the UWIR 2021 with additional technical details on some elements of@ assessment,
and therefore, should be read in conjunction. However, for completeness and cohfipuity some, parts of
the UWIR 2021 are repeated in this report.

1.2 Context and scope
% ma

In relation to CSG-induced subsidence various components of asses ent and
potential mitigation can be grouped into three categories and con%’uallsed riple M’ to
represent monitoring, modelling and mitigation components (Fig|®

Monltormg - Modelllng(D@ 6 Mltlgatlon

L3

+ Tools and *  Modelling ods’\,\ * Areas of interest

techniques scale, t\ (b _
h 0 » Understanding

+ Baselining . Inpu S arle’\\ conseguences
: urw@ :
+ On-going trends p@w AN » Developing
_ N SO mitigation actions
«  Unpacking data \brstory ™
for CSG induced \Wlth itoting + Implementing

impacts O actions
& Pri INng magnitude
Q, @ change in slope
\

Figure 1-1 “Tri &-mduced subsidence management categories
In the context of the U\A@fﬁe SC f the subsidence assessment related matters is limited to
monitoring and mod nd ically excludes follow-up risk assessment, consequences or the
development of mitigation a where necessary.

)

1.3 Ter ﬁolog
L 4
Ground mo ent %Q'so referred to as ‘ground motion’ , the movement in ground surface

eIevatlon @urface irrespective of the cause.
Subsi d in this report to refer to the component of ground movement that is induced by
ressurisation.

L 4

annd slope - change in slope of the land at surface resulting from CSG-induced subsidence.

Office of Groundwater Impact Assessment 1
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2 Conceptualisation of subsidence QQ/

2.1 General q/

In response to CSG depressurisation (CD CSG xxx), coal seams in the target formation wi@mpact
due to the reduction of pressure from the removal of fluids (gas and water). This cause&‘@ial
collapse of coal cleats that are otherwise held open by the in-situ pore pressure. Sor@npaction of
the rock matrix may also occur due to increased effective stresses. Q)

As a result of the combination of these two factors, the overlying formations mé&side,
some subsidence at the ground surface. A schematic of the mechanism for idence i
Figure 2-1. In addition, when gas is extracted from the coal seam formati effe
desorption-induced shrinkage may result in additional compaction of tl&)al sea

subsidence of land surface. '\ \

The primary CSG target formation in the Surat cumulative management area ) is the Walloon
Coal Measures. In terms of their relative magnitudes, hundreds tres of depressurisation in the
Walloon Coal Measures will typically result in tens to hundred@f miIIime@ of subsidence at the

ground surface. @ AQ

subsequent

Ground surface

Walloon Coal
Measures

In the @ext o%urat Basin, some of the primary factors that determine the magnitude of
subsid&nce include‘the (after Commonwealth of Australia 2015):

-—
L4

. @ magnitude and area of depressurisation
N
[ ]

3\

@ e thickness and distribution of coal which is being depressurised
QQ Some of these factors are further detailed in following sections.

geomechanical properties of the coal and overlying sediments

Office of Groundwater Impact Assessment 2
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The primary factor affecting variations in subsidence - spatially and temporally - is the area an
magnitude of pressure decline. This is strongly controlled by the density and distribution of C@ wells,
as well as the period of time since each well has been active (OGIA 2021b). @

N
2.2 Magnitude and area of depressurisation Qq/

Depressurisation around a single CSG well is greatest closer to the well and decrease ally away
from the well, as shown in Figure 2-1. This is commonly referred to as the ‘cone of ession’ .
The difference between the initial (pre-pumping) pressure distribution and the pres@ distribution at
any point after the start of production is referred to as ‘drawdown’ . The zone &f ififluence (i;e., how
far the drawdown propagates laterally) typically depends on the amount of @water cted,
permeability and the storage properties of the formation. 6

CSG operations tend to target a level of depressurisation in the well th%cilitate@ desorption.
This is typically 35 to 80 m above the top of the first major coal seamh%ggardle the volume of
groundwater extraction, this is the level to which pressure is maintained durin& duction. This is an
important concept in the context of subsidence because once th geted Jevel of depressurisation is
achieved at a given location and subsequent compaction OCC@ no furtf@ gnificant compaction is
expected to occur, even if nearby wells continue to operate

Multiple CSG wells are operated in a gas field to creats&sprqat@%elatively uniform pressure
decline (i.e., depressurisation) within the fields to opti gas thion. However, there is a
pressure gradient away from the gas fields, extebou@io 15 km from the edge of the CSG
fields. This is because of the interference and intefagtion hetwegn the cones of depressions from

multiple individual CSG wells. q N
In the Surat Basin this is achieved by comp@g ertic@"s about 750 m apart, or directional wells

with intakes that are about the same di@ or Iesq rt underground. This is depicted

schematically in Figure 2-2. K
O N
\.J

”Ground surface

Wa §r,cn Coz’

Ve Lsures
Q&
‘\ 0GIA_081
@ Figure 2-2 Depressurisation pattern resulting from individual CSG wells cone of depressions

QQ

L
B |1 N 1 —
i
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Due to the overlap between individual cones of depression from CSG wells, the pattern of &
groundwater depressurisation within gas fields will be relatively uniform over time. Consequen%

will result in relatively uniform subsidence within the active gas fields, gradually tapering away, wit
distance from the gas fields. @

2.3 Geomechanical properties *Q

The magnitude of subsidence is partially controlled by the characteristics of the litholdgical material
within the target coal formation, as well as the overlying strata.

Depressurisation of targeted coal formations during CSG well development a cT?actio Tfeases
the effective stress applied to the targeted and surrounding lithologies by @mg strata®™ 'he
geomechanical properties of the coal and interburden rocks control how,thes#& rocks @ave in
response to the increased effective stress. As coal is the primary targe mCSQ@tion and is
usually the softer, more compressible rock type present in the forma%&comp is generally
most significant within the coal seams of the target formation (Erli jeer, R QH Per Horsrud
2008). As discussed in Section 2.1.1, coal compaction occurs wi the cle&s and matrix of the coal

seams. %

The degree of subsidence realised at the surface will also c@nd on@bridging strength of the
overburden material which will determine its ability to modat stresses resulting from
underlying coal compaction. However, due to the reg exten magnitude of depressurisation
and drawdown, the influence of bridging on subsn e Is m| |n the Surat Basin.

2.4 Thickness and dlStI’IbUtl@Of seams
As CSG-induced subsidence is largely ca.u paction, it is strongly influenced by the
thickness and spatial distribution of co targ mations.

In and around the Condamine Alluvi thlck&s of coal depends on the available thickness of
the Walloon Coal Measures, whic ero dissected by surface water flows during the
deposition of the Condamine Allu . Therefore, the Condamine Alluvium unconformably overlies
the westward dipping Walloon @I Mea . As a result, the overall thickness of the Walloon Coal
Measures reduces in the e%where per most sub-unit (Juandah Coal Measures) becomes

absent (Figure X). \ \\

¢ Q (\pe robably already have a schematic like this???
\ \' p y y

Figure éSch @ of the contact between the Walloon Coal Measures and the Condamine
% Alluvium

Office of Groundwater Impact Assessment
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N
This inherently reduces the total coal thickness towards the east (see Figure 2-4). As detailed in (\/
s4.4.2 of the UWIR 2021 (OGIA 2021a), the Walloon Coal Measures is comprised of numerou 9
non-continuous lenses of coal separated by interburden comprised of sandstone, siltstone a %
mudstone. However, the total proportion of coal generally remains around 9% of the total téness of

the formation

N
Coal thickness in the Walloon Coal Measures Coal thickness in the Walloon arMeasures
700 for the whole Surat CMA underneath the Condam luvium

600 @
500 - 50 Q .
400 N o — 40 @ @

N

0 . R ! ' | I 1 0™ [ i i | i i i i
<5 10 15 20 25 30 35 40 45 >50 <5 10 x 20 25&0 35 40 45 >50
Thickness in metre O
Figure 2-4: Distribution of coal thickness in the Walloo %al MeQQres for a) the whole Surat
CMA and b) the area underneath the Condamine Ag\u O
§\

~

2.5 Ground movement from n&&@%uences

Ground movement can also be caused by oth% \ﬁas shrinking or expansion of high-clay-
content soils due to changes in moisture content; dep@sanon resulting from groundwater use in
aquifers overlying the target coal forma@n la nagement practices, such as irrigation, tillage
and land contouring. CSG related sub ce is ,QQer re, only one potential component of ground

Wells count
\
\
\
8

200

100

movement

Analysis of ground movement da Ggf\descnbed further in xxx, suggests that soil type and
moisture content have a ma or ence asonal fluctuation in ground movement of up to +/- 25
mm within xxx m from eachéw

There are also a numbe terna \e examples documenting the effect of groundwater extraction
for water supplies i | I|da rmations where metres of subsidence has occurred as a result
of over-pumping an t ated nature of the material within which depressurisation occurs.
These are well do@entec@complled in a technical report prepared for the IESC (Commonwealth
of Australia 201§).)

However, i antlyyin the context of the Condamine Alluvium, groundwater levels have remained
relatively le ove ast decade or so since the commencement of CSG. Therefore, any
subsid rel groundwater use (non-CSG) would have already occurred in this area.

@§
)
\Q)
Q
N

L 4
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2.6 Subsidence from Coal mining Q(\/

The subsidence due to the open cut coal mining can be either related to the groundwater extra%to
facilitate the mining (dewatering of open pits and desaturation of surrounding coal seams), add/or the
physical removal of material at depth. The impact of subsidence due to an extraction of grc@water
is very slight compared with underground mining. Coal mining involves the constructio nnels and
longwalls along coal seams, creating voids (Commonwealth of Australia 2014). Whensthese voids
become too wide and can no longer be self-supporting, then overlying rocks can c e into the
void. A combination of collapsing roof strata into the void and some compaction load bearing
coal seam strata can result in movement at the land surface. Coal mining sub ce |m

site-specific and can be minimised by retaining pillars of coal to support tr@ry ng s@ and/or

grouting (infilling surface cracks) to some extent.
/SXprod

Subsidence due to withdrawals of fluids from the subsurface (in both and coal
mining) is typically caused by elastic compaction (reversible) and j Iess han ects from
underground mining. OGIA observed (using INSAR data) around m of tot round movement
within the gas fields since CSG production in 2015 (OGIA2021) duall cing at the margins of
gas fields and no sign of subsidence further away from the Ids Co ratively, the maximum
vertical subsidence occurring at the land surface from und und is typically irreversible and

can be in the range of 1 to 2 m (Holla & Barclay 2000)‘5\\, .\O
2.6.1 Subsidence vs change in slope (D %

There have been limited studies on CSG-induced (ahd its consequences on surface
infrastructure and the environment (Wu, Jia & 2013&% 2020). In late 2020, OGIA engaged

with landholders of cropping land in the wes rt of ondamine Alluvium, seeking their
understanding of potential consequence Sfstbsid n farming activity. While there were diverse
perspectives expressed, there was co us th rthan the overall magnitude of ground
movement, the main concern would ange e ground slope and aspect of the land resulting
from variation in ground moveme$ le. Such change could potentially affect surface
water drainage directions, which may hav pllcatlons for irrigation and other farming practices.

The change in slope at a far le ma uIt where differential ground movement occurs due to
differences in magnitude@)sideﬁc@ver time - such as in early phases of development when
depressurisation propa away‘g a well or gas fields, or along the margins of the gas fields
where depressurisati ers @/ with distance.

Office of Groundwater Impact Assessment 6
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3 Monitoring methods and techniques Q(\/

3.1 General (\/
N

In relation to subsidence, monitoring of the ground surface is necessary to establish backg@]d
conditions - such as the landform and slope - and to assess changes to the backgro onditions
in response to natural, anthorpogenic and CSG-induced subsdience. For this reason nd
movement monitoring is necessary in areas away from CSG production, where subsjdénce would not
be a component of ground movement. This data assists in understanding backg movement
unrelated to CSG depressurisation. Q) @ ¢

As discussed in earlier sections, there are two components to the assess@)f subﬁce. The first
is the change in ground elevation or displacement. The second is the potential cha slope where
there is differential ground movement at a farm scale. Through enga ent wit ommunity, the

change in background slope is the metric of most concern and th%fo\cus of m@mg.

In this section, methods for determining spatial variations in sIop@a farmgscale are discussed and

evaluated using the results from a farm scale pilot completed py OGIA in . In addition, remote
sensing data is presented to evaluate the temporal change und gaovement in relation to both
CSG and non-CSG influences. e

3.2 Monitoring change in slope& tia}?‘riations)
O

3.2.1 Context b .

An understanding of background slope conditi nd ;@variability is necessary to evaluate the
potential for change from CSG-induced sub@n e.Th because potential consequences at a

farm scale will be dependent on both t@nitud G-induced subsidence, and the background
slope upon which any change is exprea& - whﬁa operty has a minor slope, minor changes may

have higher consequences. EO O

To support the evaluate of backg d corditioi's and change, in collaboration with the community,
OGIA has undertaken a prope cale pilﬁ’test the appropriateness several survey methods to
establish slope at a farm sc e objeclive of the project was also to guide the approach to be
applied more broadly acPeR e Slﬂ‘\ A. Techniques were selected to evaluate the suitability of
monitoring tools in relat@o scal <&peatability and suitability for cropping lands.

3.2.2 Tools an@:hm@e’ S
\

A range of tools to mq@r ground slope and motion at either a local or regional scale. Some
methods mea elativ nge in elevation, while others are better at measuring absolute ground
elevation. Ir’ﬁlg contegmf CSG-induced subsidence, important considerations for monitoring ground
moveme@e: th a@racy of the measurement (millimetre accuracy when measuring changes over
time); t@weed imal disturbance in and around the measurement points; and cost-
effeativeness in data collection. A summary of techniques and methods is provided in Table 7 1.

Office of Groundwater Impact Assessment 7
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Table 7-1: Methods for measuring ground movement Q')K
Mode and Measured | Density of o . : T

Method ) Suitability and practicality .@ Application in the Surat CMA
frequency parameter | data acquired o)

INSAR Satellite Change in | Data acquired [ Measuring change over time (te | mepitoring) L1 Multiple CSG tenure holders
based, every | elevation every [ Not suitable for establishing a | ter@ model acquire and analyse this data in
6 days 0 | | accordance with State and

Some limitations in cultivated ar aiQ) Commonwealth approvals.

Airborne Flight survey, | Absolute Typically 5 to [1 Establishing digital terra{%de[@y slopes (spatial | [0 CSG tenure holders acquire for

LiDAR when tasked | elevation 10 ground measurement) specific one-off project

strikes per 1 x| 7 Not suitable for com |ng a te elevation from purposes.
Tm two different surve ifferent time periods (1 Arrow Energy periodically
O Some limitationg heay getated areas acquire for the assessment of
A WO subsidence.

Drone Above- Absolute Typically 40 to I Very simila ‘l{bo iDAR, but with higher LI Project specific data acquisition.

LiDAR surface elevation 50 ground density of d
f:sr:(’:g’ when ?tl;:(es per1x | O More ?. . .ive‘@n airt.)orne LiDAR

O Som&LStatl heavily vegetated areas
. . . N

Terrestrial | Physical on- Absolute Typically every | [0 Si to Dtgﬁ LiDAR, but most expensive (1 Farm scale surveys.

survey ground elevation 25x25m 0 AN ons in vegetative areas
survey, when
tasked b

Geodetic | Permenant Absolute Typically one H.| “écuracy point dataset. 1 More than 140 points located

network survey elevation per 50 x 50 krt’\ 0 n frequency of capture and stand alone point across the Surat CMA installed
marker > tribution, less suitable for slope analysis. by industry and Geoscience

N Australia.

RTK Vehicle or Absolute Typicall ery QI High accuracy low precision data collection. 0 Commonly acquired as part of
machinery elevation 25 X >I:| Suitable for slope analysis as high relative accuary. routine farm activities — such as
mouned L during planting, harvesting and
ground [0 Local paddock scale data acquisition. spraying.
survey AQ) %

~N
Notes Q@

LiDAR = light detection and ranging, RTK =

@
\Q

N

time kinematic global positioning system (GPS)
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3.2.3 Challenges Q(\/

As detailed in previous sections, a significant challenge for monitoring ground movement is tha(myay
be caused by a range of environmental and anthropologic factors. Most of these influences

seasonal, such as variations in soil moisture profile resulting from variations in rainfall and ing
activities. It is therefore impractical to use a single point-in-time measurement of a farn‘ﬁ@levation
and slope as a baseline. Instead, to eliminate seasonal effects, a baseline trend from collected
over a reasonable period is a more useful approach to establish CSG-induced subgigence.

Ground elevation

Pre-development <+> Post-deyelopmen
Time —p ;% \;
s‘1 DAi
Figure 2-1: Schematic showing facto, 56\ cting @ds in ground movement

In addition to the challenge associated with deterbﬁg f%%)mduced ground motion signal, there

are limitations with some monitoring tools, dat§ a) ilabﬂ@ d there appropriateness to be applied at

a regional scale. These are summarised in Q 0

N
3.2.4 Property scale assessr@l’ Q

To support the evaluation of tools to @blis round conditions at a property scale, OGIA
designed a farms scale pilot and eda ered surveyor to lead the data collection. The
objectives of the project were to. b

[0 collect data using v mon'tqﬂg tools;
L 4
0 compare resulti&‘oducts&ms of ground slope; and

sults @mare with other available regional products.

O evaluate ho@
The project site w 00h cropping enterprise located approximately 10 km south of Cecil
Plains. The Ioca(o" was co@ered appropriate as it is located beyond the currently observed
groundwater @acts fro G and therefore no CSG-induced subsidence has occurred in this area.

e

The me s includedhifthis study were remotely piloted aircraft system (RPAS) or drone acquired
light de n an ing (LIDAR), terrestrial ground survey (real-time kinematic (RTK) GPS),
mach mountéd RTK and electromagnetic survey data for selected fields. In parallel, OGIA

re ed Airborne Laser Scanning (ALS) or fixed wing airborne LiDAR acquired by Arrow Energy for
oa\ a which includes the study location.

%e data was collected in June 2021 and processed to produce a range of products including slope,
@aspect, digital elevation, and drainage. These products were then analysed by OGIA and compared
QQ with lower resolution datasets to analyse their appropriateness in establishing background conditions
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at the project site. For the ground survey, airborne and drone LIiDAR datasets, each of the above&

mentioned surfaces were generated in ArcGIS Pro using the following sequence of raster and %
toolsets:

[ Fill raster - generates a hydrologically accurate surface by removing imperfectlo %

raster. \Q

Flow direction - calculates the direction of flow from every cell in an eIevah@ter
Flow accumulation - calculates the cumulative weight of cells flowing in nslope cells.

Raster calculator - conditional statement to exclude flow accumula‘uc@f grea an 50.

O o o o

Stream order - assigns numeric order to stream networks based@e nu75@f
tributaries. /\ @

Stream to feature - converts a raster linear network to a sh |Ie vec@\ataset

RN

Side by side images of drone and airborne LIDAR stream ana@s. Couléalso show the terrestrial

|

gound survey data and the ATV data? (b Q
S’\\' O
Observations from this analysis are summarised as fq%v : \,\

[0 Terrestrial ground survey is labour mtensﬁ@ coHe a high absolute accuracy at the
point of capture. However, in terms of t rive e product and stream networkthe
derived elecprovides insufficient detaifto) nges in slope or localised depressions--*

[J ATV---.lower accuracy, lowerda ;’&lty

[0 Drone---high density appropna

L1 Airbore--:lower desity but $ draqk e pattern, efficient---

[0 Results thus far conclude that the ace drainage pattern across a paddock, derived from
an aerial LIDAR sur% the uitable and cost-effective method to establish
background slope, @ alsg in identifying minor slopes and depressions. As drone and
airborne LIiDAR a Si rainage pattern, airborne LiDAR is therefore considered a
cost-effective d for@)e analysis and assessing changes over time at both a regional
and propert@e

O

Conclusiong Q (b
N

I@j wmg e LiDAR is appropriate for establishing background conditions.

@r the%e of generating a stream network analysis at the property scale, a high-
esolutlon elevation surface is preferred as this can be down sampled as required. In

@ comparison, low resolution (1 s and 9 s DEM) surfaces are suited to generating stream flow
0\

A networks at a regional scale.
%,
N

QQ

[\8}
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c{,\
3.2.5 RTK timeseries analysis Q

The second study involved timeseries analysis of machinery mounted RTK technology. This d%
commonly acquired in agriculture in large volumes across multiple years. While absolute elevéation of
a receiver varies between various machinery and mounting configurations, the relative cha@ in
derived slope between aquistins may be used to characterise background variability. \Q

The site selected for this study is approximately 20 km west of Dalby, and about 5 k t of the
nearest CSG well. RTK data from three collection vehicles was analysed for a 10- eriod (Nov-
2010 to Jan-2021) to produce rasters of elevation, derived slope and aspect surf@s. As mult‘iple
annual passes were conducted to produce this dataset, timesteps of digital ele@’on rast@were
generated for individual passes or where multiple passes were required t lete ?gl coverage.

A single land parcel measuring approximately 1,000 x 800 m was selAd. Shed using areas
were excluded as significant variability in elevation is observed, Iikelwbgcause eceivers require
a period of calibration upon start-up of the machine. Measuremensexwi:‘h a vegf nd horizontal
dilution of precision (DOP) of greater than X were also excluded @ oveQN quality positioning
data.

The data was processed at various resolutions------- to evéb?a thng - 5x5m,10x10 m and
50 x 50 m.

5m Grid 50m Grid

max :69.56 | 000

mean:0.51

max :6.33
mean:0.08
20000

15000

10000

5000

O

. QFigure Variance in RTK derived slope at selected cell sizes
N OXR,
Observa% from t@nalysis are summarised as follows:

@sults his analysis indicate that the variance in slope change over a 10-year period
ecreases with increasing cell size (Figure 3-1). At a cell size of 5 m, derived slope is more

. @ representative of small-scale surface elevations which are subject to reworking by farm
A\ machinery. In comparison the derived slope is likely to be more representative of the land
K@ parcel topography at a cell size of 50 m.

QQ

O Terrestrial
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3.3 Monitoring of rate of chan%\/
in elevations (temporal (\/
variations)

3.3.1 Interferometric synthetic aperture radar (InSAR) @

INSAR is a commonly applied and efficient technique whereby satellite-derived radar
processed to determine the change in ground elevation (i.e. ground movement). A
3-2, there are three primary sources of satellite data available in eastern Surat C
vary in terms of their period of availblilty, resolution and frequency of data acqui

Table 3-2: Summary of available satellite da€ > %
Advanced land «

Satellite observation satellite | Radarsat 2 '\ S el

(ALOS) % R
Resolution 16.6 x 6.6 m 10xsm () 5% 20 m
Frequency 46 days 24 day?@ f\o ;Zep?t?rﬁbgrdzaoyf 7from
Date range 2006 to 2011 2012102017 N | 2015 to 2021
Line-of-sight angle 34.9° - 39.20 RN 33.70

The raw satellite data must be processed to d ve;rounﬁ%p acement from the first satellite
capture. Data is commonly processed by priv mp 1@ using proprietary algorithms and software

to convert it into change in ground elevatiof® A ectly secured the processed data for further
analysis from a company called TRE A ika.

Importantly, due to the angle of the séﬁe orbj a is collected at a line-of-sight angle. For the
purposes of OGIA’ s assessment data en converted to true vertical height. OGIA will

continue to liaise with research org |sat| who are developing alternative algorithms to process
available data.

3.3.2 Challenges \
The InSAR technique reQes pr@gsmg of a large temporal dataset and maintencnce of consistent

targets between dat@bure“o

This is often r dtot aintenance of coherence of between datasets. A key challenge with the
L 4

processing ofv\data is mgl'oss of co

@s that gand movement over every 6 to 12 days is available - noting that not all data
an be converted to ground movement such as some heavily cultivated areas.

.3 Analysis temporal trends
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Figure 7-3 shows available point cloud around the eastern gas fields and along the western edg%(»

the Condamine Alluvium. This figure shows ground movement over a period from early 2015 tg"Mi
2021 as mm/year in different colours (red - higher downward ground movement; yellow - medi
downward ground movement; green - neutral or upward ground movement). Charts of gr

movement over time at representative locations with respect to proximity to gas fields ar shown
as insets. For example, the insets in the bottom figure are from four locations around field.
Moving from east to west, these are: away from the field, margins of the field, centre e field and
then again away from the field. At those locations ground movement is averaged f@all data point
within an area of about 250 X250 m. @,

To demonstrate local-scale and natural variations in ground movement, si tais @ shown at
a local scale at two different locations in and around the Condamine Alluvi this(be with and

without averaging on the upper panel of Figure 7-3. /\
Some of the important observations are as follows: '\ @

(concentration of red points), which gradually reduces at the margin s fields (yellow points),
changing to a nearly flat rate (green points) further awa the gas fields. This pattern of
ground movement is attributed to CSG depressurisation! 6

e The rate of subsidence is higher in the early Stagzﬁxevegq~ t but will stabilise to near zero

in the later years as shown in the long-term pre ix F) and described in later

(A
sections. b f égv

\d away from existing CSG development
m, s sts that the ground can frequently move

e Total ground movement of up to about 90 mm is noted since with'§ theé gas fields

e Ground movement unrelated to CSG depr%risa i
both within and outside the Condamirl@v
up and down by around 25 mm/year anththe gr ovement can also vary significantly at a
local scale (by up to 25 mm within e&). This isSikely to be due to variations in soil type and

associated changes in moisture @ent.

e Despite local variations in the&%o

local area shows a more c@stent
e Rising trends are obser, o) z&tern parts of the Condamine Alluvium with multi-year
trends in ground mov t whig I1@pear to correlate with rainfall pattern. This is likely due to
overall moisture ¢ that j nces ground movement through drying and swelling of soil.
o Despite some limijtation SAR data in cultivated areas, observed trends from the available
data indicate nd m ent within farms is highly variable, both spatially and temporally,
apparent! o farmiQd”activities. Cultivated areas are therefore unsuitable for assessing

f movement, the average trend from all data points within a
pdttemn of observed ground movement (Figure 7-3).

n, except in those parts of the farms that are less affected by these activities

- su&s nearzqé's, houses and other infrastructure.
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3.3.4 Other influences on ground motion Qq/

Conceptually, there are a range of potential influences on the observed ground motion measu%
INSAR. To understand the contribution of those influence on the observed signal, OGIA has @u to
explore the application of machine learning models to extract further insights from the avail@
monitoring data.

OGIA is has applied the random forest regression to develop subsidence prediction @s from a
range of input data including rainfall, soil types, nearby CSG water extraction, con@o ive water use
and parameters relating to the depth and thickness of coal. The model objective to predict

*
accumulative ground motion from 2015 at any location and to determine the i ance @put data.
The model was developed as a proof-of-concept in a small focus area - ximatel km2.

The InSAR data was randomly divided in training (80%) and testing ( dataset h the training
and testing models produced R? values of > 0.95, indicating a high IeNo agr(@g between the
observation and predcited values. For the focus area, well water preduction a al proportion were
the most important input datasets to predictions. The model was&en%&ﬁ%’soil type and clay

percentage, but this most likely reflects the limited spatial exte%and variability in those datasets in
the proof-of-concept model area. @
As more InSAR data is compiled by OGIA, it is anticip that the dels will provide some

L/
insights into the explanatory power of various parame in the tion of subsidence. This will
also support the signal separation to derive CSG imK sigha ich may be useful in groundwater

model calibration. b . c_)
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4 Modelling of CSG-induced subsidence Q(\/

4.1 Approach \(\/

Both analytical and numerical methods have been developed for the simulation of CSG in d
subsidence, however, a comparison of both methods found that the prevailing challeng

estimating the pressure distribution. It is difficult to account for complex 3D pressure ribution using
analytical models, and so numerical models are more commonly applied (Wu et aI ).

While numerical models are often used for solving complex problems that mvolv@terog ejty and
boundary conditions, significant run times are not uncommon due both to ¢ |terat|ve
nature of the numerical solvers. Long run-times limit options for calibratio ry m

uncertainty analysis. As such, there are significant benefits in developl fast-runn aIyt|caI
models where it can be demonstrated that the analytical solution can'Q{p xma@

solution with acceptable accuracy. @

numerical

As described above, one of the controlling factors for CSG |nduc ubsud‘e Is the pressure
distribution within geological layers. OGIA has developed nal gro ater model accompanied
by an ensemble of 3,000 parameter sets to predict groundv'% from CSG development.

al

Importantly, the regional model includes a representatl of p low, and so, is able to
provide estimates of the 3D pressure distribution in the h the regional groundwater
model has been used to provide the pressure conditj or ge, hanlcal modelling thus
addressing the first point above. The remaining c ge§ Ilcge representation of geomechanical
properties, calibration/history matching and the simtflatio sidence within an acceptable
uncertainty framework. Q

To address these remaining challenges, ped a 3D numerical geomechanical model
and compared the results with-an-ana I solutiontelfind a suitable degree of similarity between the
two methods. This finding has subse Iy le e development of a history-matched ensemble of
analytical models which have bee ed for tions of CSG induced subsidence and changes in
slope. b

The following sections prow her d on the modelling methods, results, and conclusions.

4.2 Numerical nlcal model

A geomechanical mode e mechanlcal rock properties of geological units and can be
used to estimate r oir ¢ ction and surficial impacts resulting from changes in groundwater
pressure. OGIA i llabora with Schlumberger, developed a numerical geomechanical model for
amine Alluvium to support the predictions of subsidence from CSG
developmen\ isg echanical model is underpinned by a regional geological model developed by
OGIA, a rate 1@echanlcal Earth Model (MEM) developed by Schlumberger and pressure
pred|ct s regional groundwater flow model. The numerical geomechanical model has
veloped in‘eollaboration with Schlumberger in Techlog and Petrel platforms and simulations
ied out in the VisageTM geomechanical simulator. Key components in the development of this

° | are outlined in subsequent sections.

A
@

QQ
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4.2.1 Model domain and architecture Qq/
The model domain largely covers the Condamine Alluvium, including parts of the Condamine Wm
where CSG impacts are predicted to occur in the underlying Walloon Coal Measures. The anI
covers an area of about 6,500 km?, 50 km by 130 km, referred to as the area of interest (A
represented by the blue outline in . The AOI of the 1D MEM is also shown in , represe Y the

orange outline.

1
Z /
/
R
- .
Dalgowan-16 . -Townsville
. (\ Chinchilla Il'ongrfif:n&é
) N
R B
Talinga 2 A O Hopeland . [
e N ee - &
gd N i;;,, Geomechanical
" i o, 27 " Kogan North ! P ( model AOI
1 K K =N .
5 ! < Daandine 4 O [>=—="1D MEM AOI
= ~ Dalby, S
7 7 Sfratheden-GO = 1D MEM Wells
: 1
Tara-\BE'i?}’{Td' /’ k X\ g ®  Coretests
[~ Ridgewood-10M : i =t
~_ AU RRh $ ITMhyiew e Calibration points
\ ® Kaniva 0«' Oakey [ (DFIT)
\ Myrtle-2 ® wara K
. Halliford Vo ®  Other wells
. \
\ Cecil P
6 > Geology
Moonie Condamine Alluvium
DSy f -——- Fault [OGIA 2021]
_— ) : Jo ) ¥
0 25 50 K
Kilometres QQ
OGIA2021 _237_4 R
Figure Dom@ the 3D Geomechanical model
L 4
The architecture of the echeggl odel is based on OGIA’ s regional geological model for the
relevant hydrostratig ictunit overing from ground surface to the base of the Durabilla

undwater flow model, the Walloon Coal Measures are sub-divided
h and Taroom coal measures. A total of 12 layers are used to
n co@d interburden units in the Walloon Coal Measures. Some abstraction was
ent a\g e coal layer for each groundwater model layer (six in total), however, coal
seSé onstrained by coal proportion maps derived from wireline logs, see Figure

into the upper a
differentiate b
applied to r.e
layer thic

5-2. @
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A
x Geomechanical model Modelled zones Qv

-
Unit FormatioW

¢

Cenozoic - Alluvi \
Overburden @
Springbok | Upper Sgrifiggk Sandstone
Sandstone )
Coal
Interburden

E Interburden
i Coal
- w‘ Interburden
Interburden
Coal
‘/Valloon Coal Interburden
Ni~asures Interburden
Coal

Interburden
Interburden

Coal
Interburden
Interburden

Coal

Interburden

Durabilla Formation

4 1D MEM wells (41)

Taroom Coal
Measures

Zscale 1:10 Geological model 3 C) OGIA_028/S

N
Figure 5-2 Geom icaﬁ@el architecture

The 3D numerical geomechanical model '.\Q stru a 750 x 750 m grid, with a total of 23 zones
within the AOI, as shown in Table 5-1. \Erppo n rical stability, the vertical grid resolution was
further refined. The coal layers remai@gs on rs, most of the other layers were proportionally
subdivided in relation with their relagive thick s. The final vertical resolution of the static
geomodel is 88 layers.

Additionally, several grid res %s -V | and horizontal - were considered and tested. The final
V\@ modelling objectives, accuracy, and computational demand.

model represents a fair t@ﬁ bet \
S
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Table 5-1 Geomechanical Model Layering

L 4

-,

Coal

Architecture Groundwater model Geomechanical
Hydrostlll':ﬂgraphlc Subdivision | Zone Layer Domain |Zone ;lll:;z?; hﬁgmain
Cenozoic - Alluvium 1 Mobile 1 4 <¥J
Overburden 8 Mobile 2 8(,\\;)
. Upper Springbok Sst 9 Mobile 3
Springbok Sandstone 10 Mobile 1 @\
Immobile 5 |C Interburden
UJCM1 | 12 Mobile 6 7T.W
Upper -
Juandah Coal Immobﬂe 4 nterburden
Measures Immot_)lle Y4 ‘D Interburden
13 Mobile © %, 9 |

ImmobileN] 10 6*3 Interburden
11(U (5] Interburden
4@" 1
5 Interburden
obile_ | ™14 6 Interburden
1eQY 15 | i
16 5 Interburden
17 6 Interburden
18 [ 1
19 5 Interburden
20 5 Interburden

1

1

5

1?0 21

PN Immobile 22 Interburden
*Q Mobile | 23

4.2.2 1D Mechanical Ea@odef\o

A 1D Mechanical Earth Model @ MEM een constructed in Techlog (Schlumberger 2021).

The objectives of the 1D M sS're to key geomechanical properties - Young’ s Modulus,

L 4
Poisson’ s ration, Fricti \kngle, L{ fined Compressive Strength (UCS) as well as stress and

strain parameters. O

unds@n to select 41 representative wells with relevant geophysical log

suites (compres and r sonic slowness, density, calliper, porosity, GR, etc.), derived

lithology and properties. Five primary wells, with core tests and calibrations points,

were used ine mechanical transform and strain parameters (1D MEM developed in

Techlog) to o@he remaining 36 wells, as shown in An initial data audit was undertaken to
Ea

select pre ive wells with relevant geophysical log suites (compressional and shear sonic
slowgpgss, density, €alliper, porosity, GR etc.), derived lithology and geomechanical properties. From
th 1 wells, three have core tests (MTXC) - Stratheden-60, Myrtle-2, and Rigewood-2, and two
calibration points (DFIT) - Ridgewood-10M and Dalgowan-16. These five wells are primary
lls and defined relationships between log data and static mechanical parameters. Within the AOI,
\Q)ZS wells were modelled using the calibration parameters of Stratheden-60 well and outside of the
model area, the remaining 16 wells were modelled using the respective calibration (core data and
Q stress measurements) from Ridgewood 2, 10M, Myrtle-2 and Dawogan-16 (see )The objective of a

L 4
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1D MEM is to define geomechanical properties (Young’ s Modulus, Poisson’ s ration, Friction &
Angle, Unconfined Compressive Strength) along with strain parameters (ex, e,) and stresses fc(‘v
41 representative wells.

. This includes data, correlations and findings from four previous studies undertaken by Sc@erger
(Myrtle field (SLB, 2010), Dalwogan-16 (SLB, 2010), Ridgewood field (SLB, 2010), Da and

Stratheden fields (SLB, 2019)). $

Several geotechnical reports were available from the Department of Transport and(Main Roads, that
recorded laboratory tests on the Condamine Alluvium sediments (generally takev@ar roads :imd
bridges). Two reports on bridge foundations from the Department of Transpon@i Main @éds
provided information on Unconfined Compressive Strength and Young’ lus (Q@lsland
Government 2014 & 2012). Poisson ratios and Friction angles for the vium wer @/ed using
Fakher, Cheshomi & Khamechiyan (2007) paper, as show in Table 2& \

4.2.2.1 Overburden Stress g\ \Q

The overburden stress 0 vy (or vertical stress) is caused by the ht of t&)verlying formations.
Vertical stress was computed by integrating formation bulk dﬁgy from ce to well total depth

(TD) using the equation below. (b Q

Where: b\ . Q

g is the acceleration due to gravity (9.81 m/sZ)%g is depthﬁ%pb (2) is the formation bulk density as

a function of depth and can be obtained fro ty §

*
Whilst formation density can be obtain }m wirelQogs or from core density data, only bulk
density logs were used in this study. D&@ ovepshallew sections up to seafloor was estimated using
an extrapolated power law equation @Jmp nsity log was constructed by splicing the
extrapolated density and the origi@ensity et a density profile from surface to well TD.

%)
4.2.2.2 Rock Streng{?xd e!a&?:mperties

To obtain calibrated roc ertie \Poisson’ s Ratio (PR), Young’ s Modulus (E), Unconfined
Compressive Streng ) an ction Angle (FANG), Multistage triaxial core test have been
compiled for three wells @wood-z Myrtle-2 and Stratheden-60). Calibration was achieved
through use of o and @ liers as outlined below:

For UCS, tyalc ponen@ave been incorporated into the calibration, namely a lithology specific
offset lof, a}d»a forrrﬁdgn multiplier Fm (this is done to reflect the variability associated with

mechani rati . For Young’ s Modulus and Friction Angle, a lithology specific multiplier was
applie@wile fi son’ s Ratio, an offset was used. Overall, a good match between calibration
poin d log is observed (see Figure 5-3).

Ny
@

QQ
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Figure 5-3 Calibrated rock strength and elastic pr, ies for thtee wells (Techlog)
Several geotechnical reports were available from the QQr't ent o sport and Main Roads, that
recorded laboratory test on alluvium sediments along and % (Queensland Government
2014 & 2012). These reports provided information o onfi mpressive Strength and Young’
s modulus property ranges. Using the extracted r of’v 7 Poisson’ s ration and Friction
angles were derived using Fakher, Cheshomi éKhamec 2007), see Table 5-2.
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Table 5-2 1D MEM elastic and rock strength propertiSE\@
Nz
Young Modulus Poisson Ratio @hconfined Compressive Frinction Angle
(YME_STA_FINAL) (PR_STA_FINAL) @) Strength (UCS_FINAL) (FANG_FINAL)
Mpsi unitless A D Q) . psi degree
Formation Zone | Lithology Min Max | Median | Std | Min | Max | Median Nlﬁg Max | Median | Std Min | Max | Median | Std
- 4 [ ¢
Condamine 1 Mixed 0.002 | 0.04 | 0.02 028 | 0.38 | 033/ Q}J 200 100 25 | 35 30
Alluvium N
v

Overburden 2 Mixed 017 [ 701 | 076 | 046|017 [ 038 | 029 ogQ» 371 | 15071 | 1842 | 993 | 26 | 54 29 1.8
Upper Springbok | 5 Mixed | 0.15 | 666 | 1.08 | 060|017 | 043 | d2b &93 383 | 14726 | 2,508 |1,303| 25 | 56 | 30 | 27
Sandstone o
Lower Springbok | Mixed 007 | 786 | 107 | o081 | 047 | 045 ©0.25¢Y 0.04 | 102 | 17313 | 2556 | 1.761| 25 | 61 31 | 37
Sandstone \
Upper Juandah 57 | Interburden | 0.06 | 719 | 100 | 071|047 | odp 005 | 27 [ 15861 | 2,367 [ 1550 | 25 | 58 30 3.4
Coal Measures 1 | ¢ Coal 008 | 124 025 010|024 248 243 003 46 3308 119 223 25 26 5 |
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Coal Measures 3 18 180 ! 0.29
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4.2.2.3 Horizontal stress direction and magnitude Qc\/

Maximum horizontal stress direction results were extracted from image logs and from one MD%
frac. The maximal principal horizontal stress direction is consistently between N10° E to N20°E in the
southern section of the AOI. Stress directions in the north seems to be different, at N75° E.é
stress directions in the north are only based on one well, Talinga-31. \Q

ever,

The poroelastic horizontal strain model was used to calculate the horizontal stress ra@(minimum
and maximum horizontal stress, o nh & 0 R).

The two horizontal strains ex and e, may be compressional (i.e., for tectonic co sion .
extensional (i.e., negative, to represent lateral spreading), and can be trea ly a ibration
factors that can be adjusted to best-match the resulting stress estimates t leak- t data or
specific modes of rock failure seen in image or caliper logs. /\

For this study Snmin was calibrated with Diagnostic Fracture Injection %&s (DF m Ridgewood-
10M and Dalwogan-16. The maximum horizontal stress was esti d from ag iterative process of
matching the breakouts on the wellbore stability plot against the @)er lo

Horizontal strain parameters were subsequently applied as @ary cor@on to the geomechanical
model at the o 1 & o with e,= 0.00057 and e, = 0.00005 ctivelQ

A good match is observed between the calibration poi IT e modelled minimum
horizontal stress. A reasonable estimate of the max@hori stress is obtained from breakout

observation against calipers logs. b . Q
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T

Figure 5-4

o~
mbedme

onta

ani
o@anical model incorporates both elastic and plastic properties derived from
th the simulated pore pressure from the regional groundwater flow model.

nt and materials

\\

ss vs DFIT calibration in Ridgewood-10M and Dalwogan-16

arth Model

eomechanical model consists of the original geological model with the addition of side-burden,

under-burden. The geological model domain is represented using elasto-plastic properties
quired for the Mohr Coulomb model. The geological model domain is then surrounded by side-
burden and under-burden which is represented with elastic properties only to capture loading effects

Office of Groundwater Impact Assessment
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(See Figure 4-5). The embedded grid is aligned to the regional average SHmax direction (N15°E) Q‘»
identified by the 1D MEM study. (\/

A

Z scale
1:30

Z scale
1:10

Q)Qf

Geological model - | 3D MEM - embedded grid  aterialaMeburden
AOI (8.8. layers - sideburden and underburden derbu@
Locilionesl) (1.84 million cells) Sl AOI

. \
Figure 5-5 3D MEM embedment and Qterl Is @

4.2.3.2 Property Modelling O \

Elastic and Plastic material properties derived from the 1D M see se 5.2.2) have been
interpolated into the geomechanical 3D grid using petroph mod (Petrel).

The properties required to define elastic materials are Y, Yo s modulus, Poisson’ s ratio
and Biot’ s coefficient (set as 1). To capture the pla ck pr es, additional fields are
generated for: Unconfined Compressive Strength , b trength (TSTR)! as well as the

2 4

friction and dilation angles. \\

The geomechanical model layering (see secti ) .1)?@1% a representation of coal and
interburden in the Walloon Coal Measure$ ping t al coal thickness in each zone into a single
coal layer surrounded by interburden la 7 assu he population of geomechanical properties
required some processing to produce, mensu‘{e properties.

For each zone, geostatistical ana@was r D MEM properties to define appropriate
variograms - a range of 20km was sé€t for -coal and 5km for coal zones. Figure 5-6 shows the coal
thickness variograms for ea esu the Walloon Coal Measures. Gaussian Random
Function Simulation algorit S us& interpolation of the geomechanical properties, based on
an average property val coal on-coal at the well location (upscaling) and distribution
functions (from all 41 wells retamed the well logs spatial variability through each zone.

" Note: Tensile strength is defined as 10% of the UCS property and the dilatation angle is defined as

QQ 50% of the friction angle.
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Figure 5-6 Se rlogr or sub-units in the Walloon Coal Measures

4.2.4 Integration the K}glonal Groundwater model
Pressure prediction roundwater flow model were extracted for all model layers for 12
time-steps - 199 020 2022, 2024, 2030, 2040, 2060, 2075, 2099, 2109. Heads from
the model were €o verted ssure gradient (psi/m) and pressure was subsequently calculated for

commensufa omech al model layers based on their depth and the pressure gradient, see
Figure 5- I-’&seach ’Mse,step pressures were extracted for two scenarios, a no development
scenario,%:ese ressures as though no development had ever occurred, and a development
scen pre% all historic and planned CSG activities. Pressures were propagated into the
mod id as properties which are used in the simulation stage. To assist with the development of

el from OGIA’ s calibrated model ensembles.

gxodel, pressures have been derived from the best calibrated groundwater model or ‘base’
I

@

QQ
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Figure 5-7 Conversion of groundwater heads to p

4.2.5 Subsidence Simulation

The geomechanical model was ported to the Visage geomechanical
four randomly generated property realisations to assess the sensi
property distribution (property fields were generated using the m
41 wells). The model produces vertical displacement at the s
unit for all scenarios for all of the above mentioned timeste

a single realisation for select timesteps.

X

The model has been run with multiple scenarios to te

subsidence. As such, the numerical subsidence

following groundwater model scenarios:

(S

influ
as be

A\

lator
of the mo
@d outli ’6\

O

1. No-CSG scenario (accounting for con%tlvr use only)

2. A CSG scenario (accounting for c

A series of sensitivity runs have also b
parameter fields and result are sho

Once both of these scenari

obtained by through the
shown in Figure 5-8) 3

The maximum predt@)S

around the year 2
model also sug s
Juandah Coa@é

b\

O

main ¢

mptl

n ond

water use is not predicted to contri
depressurisation is likely to be

utor2

er use and CSG extraction

re

v \ /
Groundwater model (1 layer/ zone) Geomechanical model (multiple layers/ zone) (\
. ™ e S
Pressure (psi) R Pressure gradient (psi/m) Pressure gradient (psi/m) Pressure (psi) W
Zone 1 \ ¢ Zone 1
Pressure gradient \
from ground water ro N
Zone 2 - was mapped into ' - ~ Zone 2
\ the 3D
i i geomechanical
Zone3 § \ 8 l grid based on the 3 2 \' Zone 3
> > > =
= = zones. = =
v y v
Total pressure head at Pressure (psi) was converted to The same pressure radient (psi/m) was
the base of the cell pressure gradient (psi/m) by gradient is assumed for d to pressure (psi) by
was converted to dividing it with TVDGL at the the different layers within ing it with TVDGL at the
pressure (psi) base of the cell. the same zone. point of the cell.
. _J L - ® J
/s é 2 | |

‘D

as been run with
| result to the rock

ed above, conditioned to
e as w@s compaction for each
gure presents the predictions for

of different stressors on
@n with pressure inputs from the

O

both scenarios using a range of conditioned
The key finding from this is that consumptive

o the overall subsidence. Rather CSG

ve bee@t the potential CSG contribution to subsidence is
ntlal

whic

ence between 2 and 1 (an example for a single run is

ay be relevant in the context of unconsolidated material. However, it is not clear what

ed subsidence from this model is around 200 mm and occurs

2The g@nt modelling does not take into account poroelastic effects in the Condamine Alluvium

lity this may have for subsidence predictions. Future research by OGIA is expected to explore

‘ effects

A’\ separate differential scenario using pressure differences derived from 2-1 as an input to the
eomechanical model has also been run and results are identical, suggesting a strong linear-elastic
influence in the numerical model.

N

(9]
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Vertical displace
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0100 deformation
gzg (metre)

oars (*) expansion
0200 (-) compaction

Figure 5- pact@g;' each of the main stratigraphic unit
4.2.6 Hypothesis ‘s@ng \@
As mentioned previou vera %ators suggested that Subsidence in the AOI is largely

controlled by linear-€lastic pro@es and primarily by compaction (with no indicators of overburden

arching). O

To test this fu 7the n ical model was run first using a linear-elastic model only and then with a
full Elasto- plag the results are compared in Figure 5-9 below, showing a good correlation of
0.99 bet the tw edlctlons scattered around the 1:1 line. This confirms that CSG induced

subsid in t}% is largely controlled by linear elastic processes (under the modelled pressure
s and the tested geomechanical property ranges).

.A@onally, to test the hypothesis that coal compaction is largely realised at the surface, compaction

N each layer was accumulated and compared to the modelled subsidence. Minimal overburden
@arching was observed as the total modelled compaction closely approximates modelled subsidence at

Q the surface (see Figure 5-11).
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Figure 5-11 Cumulative Compaction vs Subsidence predictions

Office of Groundwater Impact Assessment 7
Unreviewed incomplete working draft as of 17 December 2021. Not authorised for publication or release.



2021 Acceoopevt od XET 1tvduyed cufoidevye v tne Zupat XMA

N
4.3 Analytical Subsidence model Q‘\/
As discussed in the section above, numerical modelling result reveal two key findings that prox{ch/
opportunities for the development and adoption of simplified models, these are: \

1) deformation processes in the AOI are likely to remain in the linear elastic regime;

2) subsidence is likely to reflect reservoir compaction, as no overburden archin

predicted to occur
As such, OGIA has developed an analytical model to predict subsidence accoun Qor uniaxial
compaction. The model has been derived from (Settari 2002 & Fjaer 1992) su@at @

9
AH = C,,HAP (\Qq}ng

Where AH is the change in thickness, H is the original thickne s\3 t(change in pressure and
C,, is the uniaxial compaction coefficient which is further deﬂr@by

cb 1+% ?BO

Where E is the Young’ s Modulus, v is Poisson’, ’[IO,.C e grain compressibility and C, is the

bulk compressibility \\

& %ﬁ”)

Assuming the ratio of C, to C, approsgs Oq@lculation for compaction can be simplified to:

-2v)(1 + v)

Q)

The above calculatl@u t compaction is primarily due to linear elastic processes and does
not account for pl@ deformation or the arching effect of overburden

The analytlca el utili{bthe same layer structure as that of the numerical model.

o
/1/0/
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4.3.1 Comparison with Numerical Model results Q‘\/

The analytical model was applied to the same layers as the numerical model using identical prcsVe
and property fields to explore the ability for the analytical model to replicate results from the ntimerical
model. A comparison of modelled subsidence from both models shows the two models ar r{hly
correlated with 98% of the variably in the numerical model captured by the analytical There
are however, some differences at the larger displacements where the analytical mod a
tendency to predict more subsidence compares to the numerical model. However,
model provides a reasonable approximation of subsidence, and therefore, its uses
appropriate for obtaining subsidence predictions, particularly if history matchin
undertaken to ensure the model is able to explain historical observations.Q %

0.02 A h(b
. N d
R2:0.98 t\

0.00 A

-0.02 -

-0.04 -

-0.06 -

Analytical Model Prediction (m)

-0.08 A

-0.10 @OB . 69 -0.04 -0.02 0.00 0.02
Q\ \N&merical Model Prediction (m)

Figure 5-12 Con@son’@wdictions between Numerical and Analytical geomechanical
models
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To underpin the history matching process, 1,000 stochastic parameter sets were generated forst
entire Surat CMA. For each layer, corresponding parameter fields were generated for Young
modulus and Poisson’ s ratio. @

N
4.3.2 History Matching Q‘\/

4.3.2.1 Parameterisation

Each parameter field was generated using conditioned random gaussian simulations®
were constrained by calculated parameters in the corresponding layer at each of
described in X. Parameter distributions were drawn from the observed ranges
and an additional random variance between +/-10% was assigned as to al
the observations. A variogram range of 5 km was assigned for coal and 2
Stochastic parameter fields were generated using the GSTools Librar)AKv
& Schuler n.d.) t\

eloped

Example parameter fields are shown below for the Taroom Coal Lgsgr:

3
S

Q
\0

s’\\.
Y

X
,?'

1/~

=
o

z3

Northing (m)

v 0}
(o))
Youn

Northing (m)

o
~

0.2

Eeasting (m)

0.46

0.44

042 o

0.40

0.38

0.36

0.34

Poisson's ratio

Figure 5-13 é)@g’s M s and Poisson’s ratio for a single realisation of the analytical
(b compaction model
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N
4.3.2.2 Observations QCV

Seventy-two (72) observation targets were manually selected from INnSAR data to constrain thq(
subsidence model. The spatial distribution of these points is shown in Figure 5-13. These obgervation
points targeted a cross section of signals including: within historical CSG development areds at the
fringe of active CSG development; and at the periphery where no CSG induced subside@is
observed. Signals which are thought to reflect natural process were not included in thglobservation

dataset, as the compaction model is not designed to replicate these processes, bu r to explore
potential CSG induced impacts only. To minimize the influence of noise in the hi atching
process, all INSAR points within a defined radius of representative observatio -75 Were

7000000

6980000

6960000

INSAR ground motion rate (mm/year)

6940000 et

L 4

\» P ’ ": e ] ‘ i - ‘.' - ...“ 5
t SR ORI A JVREER .. O Calibration Points |]

88000 930000 940000

L 4

%)
§ Figure 5-14 Map of Calibration points used for history matching
%,
AN
%,
S
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4.3.2.3 Rejection Sampling Q(\/

Once all 1,000 models were run, a fit was calculated for each model by comparing the modell%
observed rate of decline for two periods, pre- and post-CSG development. The transition date for
these two periods is defined by the first date preceding more than three months of CSG pr@ ion
from any well within 10 km of the observation point. A root weighted sum of squared em@RWSSE)
was calculated for each realisation, such that, weighting was based on the rate of de in the
period, and so, was biased towards those observations which showed greater dow motion:

n

RWSSE = Z nw; - (¥ —y)? @O @0
= Q (D('/')

Where the normalised observation weight nw; = nL and w, =%‘;’>< 0@\Jch that the weight

i=oWi

is proportional to the rate of ground motion at each respective ob@/ation.\

o O

Figure 5-14 shows the RWSSE for 1,000 ensembles. The t mod@ere subsequently selected
to perform predictions. The performance of the selecteK emb@ged from 3.4 to 4.2 RWSSE.

&(b o;&

Frequency

N P 10 12 14 16 18
\' RWSE
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Examples of observed vs modelled subsidence are shown in the below figures for points withi

nearby and distant to current CSG development.
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Figure 5-16 Obse@am&@ed subsidence for A) Distant to active CSG, B) Nearby CSG
n

d C) within a CSG development Area

$
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Once selected, the 50 selected parameter sets represent a set of calibrated geomechanical field
Figure 5-16 below shows an example for the mean and standard deviation of the calibrated par;
fields. The 50 parameter sets were subsequently retained for making stochastic subsidence
predictions as outlined in the following section.
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N
Figure 5-17 Map of mean and standard d 'or@ibmted coal Young’s Modulus in the
u
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Subsidence predictions have been made for 1995, 2015, 2017, 2020, 2022, 2024, 2030, 2040

2075, 2099 and 2109. Additionally, the maximum all time subsidence has also been calculatwor
each model cell for each of the 50 models used for predictions. The 50t percentile (P50) f ximum
all time subsidence is presented in the UWIR and can be found in Appendix 1.3, togeths@th the
predicted year of maximum all time subsidence. Additionally, the probability of experieficing
subsidence of up to 50mm, 100mm,150mm and 200mm has been extracted from t
selected in the rejection sampling process in order to represent the uncertainties
selected subsidence thresholds. These are presented in Figure 5-19. @

N
4.3.3 Predictions of subsidence Qq/
g

QO
Based on the modelling undertaken by OGIA, very few areas are likely to ience@ than 200
0%

mm of subsidence, with probabilities of 10-20% in some areas and up {6,50%'in a fi development
area near the Horrane Fault. This is likely a reflection of drawdown ir& allo é&l Measures
¢ cond

propagating against the fault, due to the reduced horizontal hydrauli uctiv@:cross the fault
zone. The spatial distribution of predicted subsidence closely mir&dhe pred&tgd patterns of
depressurisation (see Appendix F of UWIR 2021). From a region erspa(e, 97% of impacted

areas (>10 mm in the long term) are likely to experience Iess@ 100 mm.af subsidence in the long

term, see Figure 5-17, below. (b
>
N
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4.3.4 Predictions of change in slope Qq/

To estimate a change in elevation and slope associated with CSG development, the initial slope i
first derived from a 9-second digital elevation model (DEM, 2000)*.Slope is calculated using L{
gdaldem toolkit in Python (GDAL/OGR 2021).The method is derived from Horns formula (I-@ 981).

Future slopes are subsequently calculated based on a modelled ground surface for ea estep
(obtained by subtracting modelled subsidence from the initial DEM). By subtracting ure slopes
from the initial slope, a change in slope is subsequently obtained for each timeste[@ acts to slope
are presented for the Condamine Alluvium only as this has been identified as th ary fOCLLS area
for understanding slope changes associated with CSG induced subsidence. Q) @

Two key predictive metrics are presented here, namely: /\ \Q)

1. Predicted probability of realising a change in slope of 0.0005%, 0.0012 05% and 0.01%.
(Figure 5-20)

2. Predicted probability of realising a maximum annual gein s@ of 0.0001%/year,
0.0005%/year, 0.001%/year and 0.005%/year @ Q

N . O
\ ;b\'\
Additionally, the P50 prediction for All time ma xn cba@ in slope, Maximum Annual change
in slope and year of maximum annual chan&in sIop@%ﬁ be found in Appendix X.

’@acknowledged that the use of a 9 second DEM will in some situations, generalise the initial
%nditions. In some very local areas, baseline slope characteristics may not be represented through
Q)the use of this dataset. As such, OGIA are currently undertaking a research project to evaluate the
é most appropriate product and method for determining the initial conditions
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5 Conclusions Q‘"\/

e CSG induced subsidence is driven by compaction processes in response to depressurisation
of coal seams within CSG well fields. The degree of resulting subsidence is also cof‘@lled
by the geomechanical rock properties of coal and overburden as well as the thic and
distribution of the coal.

e Monitoring techniques such as INSAR provide useful observations of chan @round
elevation over time, which can be used to infer historical subsidence. @

e CSG induced subsidence is observed in the Surat CMA with strong s c‘?corr h to
existing CSG fields. Around 90 mm of downward motion is obser@n active areas

west of Dalby.
e Background variability of +/-20 mm/y is observed in areas p'e/ixl to Os@evelopment.
e Several additional influencing factors are identified incluc&{rainfall,& pe and land use

practices. O \

e A subsidence model has been developed by OGIA tﬁgd on av@ole geomechanical data,
calibrated to a selection of representative INSAR r%surem and used for stochastic

predictions of CSG induced subsidence. SS\\' . O
, NG

o Key findings based on the 50th percentile of ictio

0 90% of the affected areas are Iik&exge e less than 100 mm of long-term

maximum subsidence; however, some a ay experience up to 200 mm.
0 90% of the affected areas @ to§rience less than 0.001% change in slope;
however, some areas \x erie ound 0.004% change

s
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Appendix 1 Modelling results Qq/
Appendix 1.1 CSG and Non-CSG Subsidence (\/

The maximum subsidence - vertical displacement (in metre), at year 2060 is predicted to e from
0.19 mto 0.23 m for the ‘all combined scenario’ and from 0.01 to 0.02 for the ‘non’@’

scenario, as show in Figure A3-1. @

The difference between these two scenarios - equivalent to ‘CSG only’ scenari@splay a

maximum subsidence ranging from 0.19 m to 0.23 m. .

e, ‘

Scenario All including Non CSG
at 2060 CSG (metre) (metre)
Seed 6276 0.209 0.013
Seed 2475 0.194 0.024 Al
combined
Seed 7377 0.224 0.016 scenario
Seed 2448 0.227 0.016

Vertical displacement (metre)

0.100
0075
(+) upward ‘ 0.050
—0.025
—0.000
—-0.025

-0.080 Non-CGS
-0.075

“a100 scenario
-0.125
-0.150 Q

-0.175 .\
S

-0.200
>

Figure A3-1: Sensitivity; esnﬂt\ all combined and non-CSG scenarios

>

(-) downward
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Appendix 1.2 Compaction Qq/

The compaction per zone can be calculated by subtracting the vertical displacement from the tw
the bottom of a formation. The majority of subsidence in the ‘CSG only’ scenario is due t
compaction in the lower Juandah Coal Measures, as displayed in Figure A3-3. For the ‘n@:SG’

scenario it is related to compaction in the Cenozoic. \Q
There is negligible overburden stress arching from the units above the Walloon Coal sures, due
to:

[0 very shallow overburden in comparison to the area of depletion QC) @'
[J the overburden zones are also depleted, although the magnitudemaller G@u that in the

' Qg
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Appendix 1.3 Analytical model results
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Figure 7-2 P50 Timing of Maximum Subsidence
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Figure 7-3 P50 Maximum change in slope and the corresponding date
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