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ARTICLE INFO ABSTRACT

Keywords: While the link between groundwater extraction and land subsidence is well documented, observations of land
InSAR uplift associated with groundwater replenishment are less so. In the Perth Basin, Western Australia, a programme
TerraSAR-X

of managed aquifer recharge (MAR) commenced in August 2017 and is designed to sustain levels of hydraulic
head in aquifers valuable for extraction. Space-based TerraSAR-X satellite radar measurements were used to
capture the first 3.5 years of MAR, providing an insight into the evolution of ground uplift in the Perth Basin that
is spatially and temporally related to the MAR injection volumes and the injection-induced changes in hydraulic
head. Significantly, the X-band InSAR has spatial coverage around the single injection point, and the time series
begins prior to the start of the injection, rather than a generalised study of ground surface and aquifer change
from multiple groundwater recharge contributions. This enables the observed ground uplift to be correlated with
the time of initial injection, pause, then resumption with increased volumes. The X-band InSAR identified
maximum displacements of up to 20+3 mm in the vicinity of the injection bores, but which subside when in-
jection is paused. The spread of displacements from the injection site extends over 14 km southwards with the
dispersion pattern identifying linear boundaries that sharply delineate displacements in the north-west and
north-east. The extent of the region impacted by ground uplift is likely linked to the distribution of extraction
bores and heterogeneities in the subsurface geology, including a persistent linear feature that has not yet been
considered in hydrogeological models of the region. This article focusses on the immediate surface response to
the MAR injection, and identifying the constraining physical features for the injected recharge, thus providing an
additional insight into the challenging and complex Perth Basin. It also demonstrates the millimetric accuracy
possible from X-band radar satellites that permits MAR volumes to be managed to avoid infrastructure damage
that may undermine public confidence in the MAR program.

Managed aquifer recharge
Vertical land motion
Groundwater management
Land uplift

1. Introduction

Mid-latitude population centres with semi-arid, Mediterranean-type
climates, such as Perth, Western Australia (WA; Fig. 1), are projected to
experience the greatest impacts of climate change upon renewable water
resources (IPCC, 2007). In response to reduced rainfall and an increasing
population, Perth, like many other cities, has become increasingly
reliant upon subsurface groundwater extraction (McFarlane et al.,
2012). To sustain water levels in areas that are of high value for
extraction, Perth’s principal supplier of water, the Water Corporation of
WA, has commenced groundwater replenishment via injection of recy-
cled, treated-to-be-potable wastewater into two major mostly confined
subsurface aquifers in the Perth Basin: Leederville and Yarragadee. This
managed aquifer recharge (MAR) was commissioned in August 2017 to
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address increasing demand for water and less rainfall (Water Corpora-
tion, 2009).

Changes in groundwater levels within subsurface aquifers alter the
effective stress of the overburden, often resulting in ground displace-
ments that are measurable at the Earth’s surface (Poland and Ireland,
1988). Surface displacements are related to geo-mechanical properties
of the aquifer system (e.g., aquitard thickness) and land-surface
displacement measurements can be used as a proxy to constrain
changes in hydraulic head (the level of groundwater within an artesian
monitoring bore). The link between groundwater extraction and subsi-
dence (sinking of the ground) has been observed in cities and agricul-
tural regions globally (e.g., Galloway and Burbey, 2011). Long-term,
irrecoverable subsidence is associated with inelastic compaction of
aquifers (e.g., Galloway and Burbey, 2011). In Perth, long-term
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Fig. 1. Map of the Perth metropolitan region showing the location of datasets
used in this study. Labelled are extraction bores (circles), injection bores
(inverted triangles) and a subset of monitoring bores (squares) for the two
major aquifers in the Perth Basin: Leederville and the deeper Yarragadee.
Continuously operating GPS stations (green triangles) are also shown. Inset:
Map of Australia with the study region shown by the red rectangle. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

subsidence of between ~ 3-6 mm/yr since the 1970 s and 1990 s has
been observed from continuously operating Global Positioning System
(GPS) instruments (Featherstone et al. 2015 and the references therein),
repeated differential levelling (Lyon et al., 2018) and Interferometric
Synthetic Aperture Radar (InSAR: Parker et al., 2017). This long-term
subsidence is not discussed further here. Geodetic observations also
show non-linear secular trends correlated with changed rates of
groundwater extraction, superposed by a seasonal signal that is corre-
lated with near-surface geology and expansive soils (Lyon et al., 2018).

The opposite phenomenon - land uplift due to increases in ground-
water levels - is much less frequently observed and reported (e.g., Tea-
tini et al., 2011; Sneed and Brandt 2020; Brandt et al. 2020; Neely et al.
2021), and not previously reported where the uplift is directly related in
time and space to the start of a single MAR injection point. The
commissioning of MAR in the Perth Basin therefore provides an op-
portunity to capture the onset of wastewater injection into confined and
compacted aquifer systems. We use X-band InSAR to provide spatially
and temporally dense observations of the surface response to MAR be-
tween 25 December 2016 and 27 December 2020 (we use decimal years
from hereon: 2016.98 — 2020.99, selecting an integer number of years to
average out the seasonal signals).

The focus of this study is therefore to specifically examine the spatial
and temporal evolution of land surface response to MAR over the first
~3.5 years of its operation (2017.67 — 2020.98). The injection program
over this initial time includes three distinct phases, where injection
volumes increase, then temporarily cease (Fig. 2). These variations in
volume, and temporary pauses during these three stages allow an insight
into (1) the ability of X-band InSAR to detect mm-level ground surface
variations in time, (2) the presence of barriers to groundwater flows for
two of the major aquifers in the Perth Basin: the Leederville and the
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deeper Yarragadee aquifers, and (3) the initial ground surface response
from the start of a MAR program.

While there are other studies that use InSAR to monitor land surface
displacement that include the effects of MAR, none appear to specifically
measure displacement at and around the injection point during the
period where the injection is started and paused, with different volumes
during the injection period. For example, Sneed and Bandt (2020) use
InSAR (C-band from ERS1/2, Envisat and Sentinel-1; Sneed et al., 2014;
Brandt et al., 2020) from 1995 to 2017 in the Coachella Valley, Cali-
fornia, USA to review increases in aquifer-wide groundwater levels
following recharge from a combination of groundwater substitution,
conservation and multiple MAR facilities. On the other hand, Neely et al.
(2021) use C-band Sentinel-1 to focus on uplift from natural recharge
and reduction in groundwater pumping (extraction), relating this to
patterns of seasonal amplitude. In that study, Neely et al. (2021) uplift is
considered seasonal rather than directly attributable to MAR. Castellazzi
and Schmid (2021) identify the uplift in the Perth Basin using Sentinel-1
C-band and make the link to the Beenyup MAR, but do not analyse its
evolution and variability over four years, showing only the displacement
rate for the period of observation for ~1 year from August 2017 to
August 2018.

Our findings will contribute to an understanding of the direct effects
of MAR on the land surface, including structural controls on ground-
water flow, so as to optimise the injection of waste water to subsurface
aquifers without causing surface infrastructure damage from uplift that
may undermine public confidence in the program.

2. Perth Basin groundwater and datasets

The city of Perth is located on the Swan Coastal Plain in the central
portion of the sedimentary Perth Basin, bound to the east by the steeply-
dipping Darling Fault and the west by the Indian Ocean (Playford et al.,
1976; Lambeck, 1987; Fig. 1). In the vicinity of Perth, the sedimentary
succession houses two major mostly confined aquifers: Leederville
(depths of ~ 50-300 m) and the larger (up to 2 km thick), deeper Yar-
ragadee (Davidson and Yu, 2008; Olierook et al., 2015). Both aquifers
consist of laterally discontinuous siltstones, sandstones and shales, and
are overlain by the unconfined, superficial aquifer (e.g., Timms et al.,
2015).

Monthly averages of extracted groundwater were obtained from the
Water Corporation of WA (Fig. 2). The Water Corporation began
extraction from the Leederville and Yarragadee aquifers in the mid-
1970s. Rates increased between 1990 and 2005 with the installation
of five new production bores (Featherstone et al., 2015), four of which
are located in the Gwelup borefield (see location in Fig. 1). During this
study period the largest extraction volumes occur in the Gwelup bore-
field (Fig. 2C). Extracted volumes at all bores vary seasonally, peaking
during the Southern Hemisphere summer (Fig. 2).

Natural recharge of the Perth Basin aquifers occurs from rainfall,
mostly between May - October (Fig. 2). MAR into the Leederville and
Yarragadee aquifers occurs at the Beenyup wastewater treatment plant
(Fig. 1). First, the wastewater is treated to a potable standard. Injection
then takes place through four bores (red triangles in Fig. 1): three at
depths between ~ 125 m — 235 m below ground level into the Leeder-
ville aquifer (LRB1, LRB2, LRB3); and one at a depth between ~ 390
-745 m below ground level into the Yarragadee aquifer (YRB1). During
the first 3.5 years of operation, MAR has occurred in three stages
(labelled stages 1-3 in Fig. 2 and thereafter). Each injection bore is
accompanied by a monitoring bore to measure changes in hydraulic
head and water quality directly at the injection site. Injection volumes
and hydraulic head levels at the monitoring bores were provided by the
Water Corporation of WA.

An array of artesian monitoring bores in the Perth Basin provides
measurements of hydraulic head on a monthly, quarterly or daily basis.
Records were accessed from the Department of Water and Environ-
mental Regulation’s Water Information Reporting Service (http://wir.


http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx

A.L. Parker et al.

International Journal of Applied Earth Observation and Geoinformation 105 (2021) 102637

_O ';.\ \';. \":. \é \‘0_’. :: 1 : :
-; 15+ & & ] & 'K Leederville | W
2 L | | o] IR
g iy 1ot ! ! ! T | l
£0 1o} o | | 1 IR
2 S ‘ ‘ 1000
© b ! ! ay W4 o 516
= 5| e | | | Yarragadee - = W
E S : : ° = AT vive
a3 ol s | : ! | | g h ! :Mirrabooka
1 1 r 1 2 " I I
\1 1 | 2 1 | 3 g 1000 1o 1 1
N — - - o 3 D
s |B o | | R - B e e
B _ [==Yarragadee, | l 1 | 1 8 £ 0 .| Whitfords
O £ 40|==Leederville ' ! | ! i O W 0o Lo
€540 Rainfall | || 1 120= T1o00f 1
© 6 - [ 1 | i B no 1 1
= T | =
Q §’207 L ! ‘ 160 ¢
C = | | —
£ = L ‘ ‘ B 3
58 oL . il
g € o vl I.ll. huN‘ k " T “.H Mtlln.ﬂd.” . LM |.i . H. \‘l hl Ih.ﬂ .ll il “i | 0 é‘
e 1 1 1 |
(@) | L1 1l 1 I 1 L 1 1 1 0 L L
2017 20175 2018 20185 2019 20195 2020  2020.5 8677 2078 2079 2020
Time Time

Fig. 2. Time series of groundwater extraction and injection. Locations of extraction and injection bores are shown in Fig. 1. A) Cumulative injection volume for the
Leederville (LRB1, LRB2, LRB3) and Yarragadee (YRB1) injection bores. Injection occurred in three stages as shown by the vertical timelines. Labelled dates and
dashed lines in this and subsequent figures are TerraSAR-X data acquisitions closest to the start/end of the stages. B) Change in hydraulic head measured in
monitoring wells adjacent to injection bores. Leederville (blue) is the average of the change measured in LRB1, LRB2 and LRB3. Light blue shows daily rainfall levels
above 0 mm (Bureau of Meteorology: http://www.bom.gov.au/climate/dwo/IDCJDW6111.latest.shtml accessed on 26 April 2021). C) Time series of groundwater
extraction in the study region. Time series for each aquifer - Leederville (blue), Yarragadee (red), - are the total extracted volume from all bores in each borefield.
Extraction and injection data is provided by the Water Corporation of WA. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

water.wa.gov.au/Pages/Water-Information-Reporting.aspx, — accessed
on 29 April 2021). We use bores that are either quality-controlled and
used to calibrate the Perth Regional Aquifer Modelling System (David-
son and Yu, 2008; De Silva et al., 2013; AM27C, AM27D) or that have
been drilled as part of a recent re-interpretation of the Perth aquifer
system and to monitor the aquifer responses to reinjection at Beenyup
(DWER, 2021; AM72, AM75, AM77).

3. Geodetic data and processing methods
3.1. Interferometric Synthetic Aperture radar

Space-based InSAR provides high spatial resolution (reaching sub-
metre), large-scale (tens of kilometres) maps of surface displacements,
known as interferograms, by comparing the phase of successive Syn-
thetic Aperture Radar (SAR) satellite images. Assuming the phase-
change contribution from the satellite orbit and topography are
removed, the remaining interferogram phase-changes, measured in
multiples of the satellite wavelength, are primarily due to displacements
of the Earth’s surface plus variations in the refractivity of the atmo-
sphere (Massonnet al., 1993; Biirgmann et al., 2000). InSAR can be used
as a tool for deriving head change measurements that are spatially
denser and cover a larger area than discrete borehole records (e.g.,
Reeves et al., 2011; Chen et al., 2016), and for delineating hydro-
geological features and structures within a groundwater basin (cf., Lu
and Danskin, 2001; Chaussard et al., 2014).

In this study, we use 119 X-band (wavelength ~ 31 mm) TerraSAR-X
stripmap images provided by the German Aerospace Center (DLR)
spanning 2016.98 to 2020.99 and separated (mostly) by 11-day in-
tervals. This time period is selected to provide four integer years of data
to reduce seasonal effects, which are shown to be large in a previous
InSAR study of this region (Parker et al., 2017). From these SAR images,

we formed 455 small baseline (SBAS) interferograms processed as
described in Filmer et al. (2020), using the small baseline multi-
temporal InSAR method in the Stanford Method of Persistent Scat-
terers software (StaMPS; Hooper et al., 2007) and a 1 arc sec (~30 m)
Shuttle Radar Topographic Mission (SRTM) digital surface model (Farr
et al., 2007). Long-wavelength orbital and ionospheric effects were
removed using a phase ramp, justified by the small scene extent of ~30
x 40 km (Hooper et al., 2007) and relatively low sensitivity of X-band to
ionospheric effects (Gomba et al., 2017).

Non-systematic atmospheric phase delays were reduced by the
number of interferograms (4 55) used in the analysis and application of a
33-day temporal filter within StaMPS processing. The resulting in-
terferograms were resampled from ~3 m spatial resolution to a 30 m x
30 m grid so as to reduce the processing time and smooth noisy pixels.
Rather than using a single reference pixel, we reference the measure-
ments to the mean phase of all pixels (e.g., Finnegan et al., 2008) located
outside the zone impacted by water injection (i.e., east of longitude
115.9°E). InSAR displacements are therefore measured relative to this
region. Line of sight phase values (in radians) were converted to vertical
displacements (in millimetres) using the heading and incidence angle of
the satellite (e.g., Wright et al., 2004) under the assumption that all
displacement occurs in the vertical direction (cf. Parker et al., 2017;
Chaussard and Farr, 2019). Time series of cumulative displacements are
computed using a least-squares approach (Berardino et al., 2002). Cu-
mulative displacement maps are then produced at each TerraSAR-X
acquisition epoch using the time series at each pixel.

3.2. GPS

To validate the ground surface displacements from InSAR, we use
time series of daily vertical displacements at five continuously operating
GPS installations in the Perth Basin (for locations, see Fig. 1). Of these
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instruments, two are mounted on buildings (UWAO, CUTO), one is
located on a marine jetty for tide-gauge monitoring (HIL1) and two are
on deep-seated concrete pillars (STIG, PERT). All data are in the public
domain with the exception of STIG, which is a commercially operated
site.

The daily GPS data were processed using the GipsyX v1.6 software
(Bertiger et al., 2020) in precise point positioning (PPP) mode, fixing
‘repro3’ Jet Propulsion Laboratory final fiducial-free precise orbits and
satellite clock parameters. The daily position estimates per station were
concatenated to form the coordinate time series. Ambiguity-fixed posi-
tions were estimated daily using 24 h of data and transformed to the
IGb14 reference frame. Parameter estimation and error modelling fol-
lowed Blewitt et al. (2018). No spatial or temporal filter was applied.

4. Results
4.1. Comparison between InSAR and GPS results

We first compare the InSAR results with GPS for validation and to
determine whether ground displacements linked to MAR are detected in
the GPS time series. InSAR time series are calculated using all pixels
located within 100 m of each GPS site, with the error bars in Fig. 3
representing one standard deviation of these values. We acknowledge
that this is not a formally propagated error, but gives us an estimate of
the variability in the precision of the InNSAR measurements co-located
with each GPS site. The 100 m radius was selected as an arbitrary
limit. This choice is supported by tests conducted for Filmer et al. (2020)
at Perth Basin GPS sites, finding that there was no significant difference
in rates when the single nearest pixel was selected compared to using
more pixels over a larger radius. Johnston et al. (2021) also found
insignificant differences in rates between using a single pixel and a 70 m
radius when connecting to GPS sites in a different study area (south
eastern Australia) that was undergoing deformation. GPS time series
show the PPP GPS position solution on the day of each SAR image
acquisition. We convert the absolute GPS heights to relative heights by
subtracting the epoch-zero, allowing us to present a clearer comparison

20
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to the InSAR measurements. Variability in the time-series is attributed to
the effects of seasonal rainfall on the shallow surface and, for the GPS,
effects of the installation type including expansion and contraction of
buildings.

It is significant that ground displacements linked to MAR are not
detected in the GPS height time series (or the InSAR time series calcu-
lated at these same locations: Fig. 3). This suggests that the GPS sites are
located outside the zone that is impacted by MAR and validates our
choice of zero-reference for the interferogram phase (the mean of pixels
east of 115.9°E). Had GPS alone been used in this investigation, no
ground displacements linked to MAR would be detected. This highlights
the importance of spatially-dense InSAR measurements

4.2. Spatial extent of displacements

The InSAR measurements provide a region-wide overview of ground
displacements occurring during MAR. The main features of the dis-
placements include: 1) maximum relative displacement of up to ~20+3
mm occurring at the Beenyup MAR site; 2) the spatial distributions of
displacements from the injection site out to ~14 km southwards; and 3)
linear boundaries that sharply delineate displacements in the north-west
and north-east (Fig. 4B). These features are observed in each of the in-
jection stages, with the magnitude of displacements decreasing between
stages when injection is paused (see example of stage 2 in Fig. 4B). The
temporal resolution of the X-band SAR is advantageous for capturing
these time-dependent variations in magnitude. Error estimates for the
TSX InSAR are shown in Fig. 3 and Fig. 5 for time series calculated at the
GPS and mointoring bores, respectively. These indicate TerraSAR-X er-
rors at these locations of ~2 mm and up to 5 mm for monitoring bore
AM77, which is located close to the shore of a lake where pixels are
sparse (Fig. 6). These TSX error estimates are comparable to those from
Filmer et al. (2020). We discuss the geological controls upon these
features in Section 5.

The zone of maximum displacements does not expand radially out
from the site of injection, as would be expected for a homogeneous and
tabular aquifer (Theis, 1935), but instead is dominated by spreading in
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3 Fig. 4. Maps of cumulative ground displacements
(vertical magnitude in mm) linked to different

stages of MAR. A) Time series of the total injected
volume as in Fig. 2. Dashed vertical lines show the
dates of the displacement maps shown in B and are a
subset of the TerraSAR-X acquisition epochs (every
fifth TerraSAR-X acquisition includes the epochs
closest to the start/end of each injection stage). B)
Maps of cumulative displacements (relative to the
first TerraSAR-X acquisition) showing the progres-
sion of ground displacements linked to MAR. Posi-
tive (red) indicates uplift. (For interpretation of the
references to colour in this figure legend, the reader
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an elongated region striking approximately NNW-SSE (Fig. 4B). The
maximum uplift extends close to the coastline in the west. To the east,
displacements become more diffuse further from the injection site,
decreasing to < 5 mm in magnitude. To the south, displacements extend
as far as Herdsman Lake (see circular pixel-free region at the southern
extent of uplifted region in Fig. 4B). To the north, the terminus of the
displacement field is marked by abrupt linear boundaries striking NNE-
SSW and NW-SE that meet at acute angles defining the northernmost
extent of displacements (Fig. 5B). This distinctive feature has been
observed in other InSAR datasets covering this region and spanning
different time periods (Parker et al., 2017; Castellazzi and Schmid,
2021), with the sign of displacements on one side of the boundary al-
ways observed to be opposite to that of displacements on the other.
Across these boundaries displacement gradients are large, exceeding 15
mm per km.

4.3. Comparison between ground displacements and hydraulic head

We explore the features in Fig. 4 by jointly assessing ground dis-
placements and groundwater information derived from monitoring

bores (for locations, see Fig. 1). The InSAR time series are generated
using the same approach as in Section 4.1. Ground-surface displace-
ments result from the total hydraulic head change and cannot be linked
to individual aquifers.

Monitoring bores AM27D and AM27C are closest to the injection site
(~1.2 km away), sampling the Leederville and Yarragadee aquifers,
respectively. Time series of hydraulic head for both aquifers show step
increases of 5-15 m associated with the onset of injection at each stage
(Fig. 5A). When injection paused between stages, head levels decreased
(cf. Theis, 1935). As AM27C and AM27D are located in close proximity
to each other, time series of ground displacements at the two sites are
almost identical (Fig. 5D). The short duration of stage 1, and interval
between stages 1 and 2, means that displacements linked to these two
stages cannot be separated. Instead, we observe a first peak of ~11 mm
that occurs mid stage 2. Ground displacements then decreased as in-
jection was paused (and natural recharge from seasonal rainfall also
decreased), before increasing again during stage 3 to a similar magni-
tude (Fig. 5D).

There are monitoring bores that sample the Yarragadee aquifer
located on both sides of the sharp north-western edge of the
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displacement field described in Section 4.2. Bore AM27C is located in
the zone of maximum relative uplift, whereas bore AM75 is located on
the region of apparent subsidence (negative relative ground displace-
ment) to the west of this boundary (Fig. 6). As before, AM27C records
step increases in hydraulic head during each injection stage. Conversely,
AM75 records < 3 m variation throughout the observation period
(Fig. 5B), indicating that there is a hydraulic barrier (aquitard) between
these two locations. These differences are also observed in the TerraSAR-
X ground displacement time series (Fig. S5E). Whereas the location of
AM27C exhibits uplift during injection stages, the location of AM75
undergoes subsidence of ~7 mm throughout the observation period
with the exception of a period of uplift that corresponds to the pause in
injection between stages 2 and 3, during which AM27C subsided.

At the north-eastern extent of the uplifted region, similar observa-
tions can be made. A steep displacement gradient is observed and
monitoring bores for both the Leederville (AM27D, AM77) and Yarra-
gadee (AM27C, AM72) aquifers are available on either side of this sharp
gradient in displacement magnitude (Fig. 6). Hydraulic head measured
at artesian monitoring bore AM27 in both the Leederville (AM27D) and
Yarragadee (AM27C) aquifers closely mirrors that measured at the in-
jection monitoring bores.

At AM77, hydraulic head levels in the Leederville aquifer to the east
of the boundary show a seasonal variation correlating with increases in
rainfall that is not altered by injection and that is comparable to seasonal
variations measured at other bores in the basin (Fig. 5C). Similarly, the
Yarragadee aquifer monitoring bore located on the eastern side of the
boundary (AM72) demonstrates no significant change in head (Fig. 5C).
The maximum increase in head, which occurs at the onset of Stage 3, is
< 5m and is similar in magnitude to other perturbations seen in the time
series. Ground displacement time series show similar results, with
overall subsidence of 1-2 mm observed east of this boundary (Fig. 5F).

5. Discussion
5.1. Influences on the spatial extent of ground displacements

The observations made here using X-band InSAR demonstrate that
relative ground displacements occurring during periods of MAR do not
spread radially around the injection site, as could be expected from a
simple aquifer geometry with homogeneous properties (cf. Theis, 1935).
Instead, the most uplifted domain defines an elongated region striking
approximately NNW-SSE, bound to the north by abrupt linear features.
Factors that likely contribute to the spatial extent of ground displace-
ments arising from MAR include 1) the location of bores extracting
groundwater; and 2) heterogeneities within the subsurface geology.

The Gwelup extraction borefield (shown in Fig. 2B to extract the
largest volumes of groundwater over the observation period) is located
directly to the south of the injection site (Fig. 6). Extraction in this region
acts as a groundwater sink, resulting in a preferential path for the
injected groundwater towards the extraction bores. Other borefields
may be located too close (Whitfords) or too far away (e.g., Wanneroo
and Mirrabooka) from the Beenyup injection site to have a measurable
effect upon ground displacements within our observation period.

Heterogeneities in the subsurface that may impact the extent of uplift
include: variations in the lateral extent and thickness of the aquifers,
reflecting the primary depositional geometry and any subsequent local/
regional erosion and/or consequent juxtaposition with other aquifers
and aquitards; faulting and related hydraulic compartmentalisation
related to formation juxtaposition and fault damage-related changes in
rock properties; large scale, systematic intra-formational lateral varia-
tions in rock properties; and/or pre-existing hydrogeological factors,
such as localised hydraulic head or pressure variations.

Existing hydrogeological models of the study region are largely
constrained by sparse borehole data (Davidson and Yu, 2008). Given the
high spatial and temporal resolution of the X-band InSAR measurements
and large spatial uncertainties upon features of these models, it is
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difficult to directly link the InSAR-derived land surface displacement to
the subsurface geology. However, we propose that the following are
considerations worthy of further investigation:

e At the southern terminus of uplift (-31.91° S, 115.80° W; Fig. 6),
hydrogeological models propose that the Cretaceous sediments of the
Leederville Formation (that house the Leederville aquifer) were
eroded away and replaced by the King’s Park Formation (Davidson
and Yu, 2008). As most MAR occurs into the Leederville aquifer
(Fig. 2), the occurrence of the King’s Park Formation, and absence of
the Leederville Formation, is likely to be a control upon the southern
extent of ground displacements.

Geophysical methods and geological mapping have been used to
infer fault geometries in the study region (e.g., Corbel et al., 2012).
Both NNE- and NNW-trending faults were inferred in the Perth
metropolitan area by Timms et al. (2012) from topographic scarps
and gravity anomalies. However, none of the inferred faults in their
survey area (which did not extend as far north as our study area)
coincide with the observed gradients in measured ground displace-
ments. Furthermore, no existing studies map a discontinuity in the
vicinity or in the same orientation as the sharp north-western
boundary of ground displacements observed in this and other
studies. In fact, previously inferred fault geometries generally trend
approximately perpendicular to this feature.

The north-eastern boundary of uplift (Section 4.2; Figs. 5, 6) is
coincident with a fault-like feature inferred from pump tests (De
Silva et al., 2013; dashed line in Fig. 6) and linked to a slowing of
groundwater flow between Yarragadee aquifer monitoring bores
AM27C and AM72 (Clohessy, 2017). The characteristics of this
feature (i.e., whether it is a fault or a zone of low connectivity) and
the effects upon groundwater flow, including aquifer compartmen-
talisation, are not well defined. However, its location in the primary
zone of groundwater extraction and injection means that further
understanding is required. Notwithstanding, this study demonstrates
that X-band InSAR observations of the land surface response to MAR
provide a unique insight to help understand this and other features of
the subsurface geology that impact upon the Perth Basin ground-
water system that cannot be achieved at the required spatial or
temporal scales by existing terrestrial measurement techniques.

5.2. Implications for future monitoring and groundwater management

To avoid negative effects of MAR and sustain public confidence, MAR
operations require monitoring of water quality, movement of the
injected water, any changes to the groundwater system and surface land
displacement that could damage public or private infrastructure. Here,
InSAR measurements are used to track the spatial and temporal devel-
opment of land uplift arising from the injection of treated wastewater.
This approach is a cost-effective way to monitor aquifer-scale hydraulic
head changes caused by the injection or extraction of water. Conse-
quently, space-based geodetic measurements of aquifer systems are
shown to be valuable inputs for water management strategies (e.g., in
the Santa Clara Valley, California: Chaussard et al., 2017; the Coachella
Valley, California: Sneed and Brandt, 2020; and the San Joaquin Valley,
California: Neely et al., 2021). These spatially dense surface displace-
ment measurements can also be used to inform decisions about the
location of future monitoring, extraction and injection bores.

Our observations are significant in that they directly map the ground
surface response specifically to the MAR, from the initial injection, and
through three stages with variable injection volumes and complete
pauses between each stage. These focussed results from the Perth Basin
reveal sharp linear features that bound the area impacted by ground
displacements, and are significant for future investigations of the po-
tential for compartmentalisation of the aquifer in high-value areas of
extraction. Using InSAR observation of MAR to identify faults or other
barriers to flow is also significant for geothermal exploration and CO,
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sequestration in the Perth Basin (Corbel et al., 2012; Timms et al., 2012).
Groundwater extraction and injection activities are associated with the
activation of pre-existing shallow faults, and induced microseismic/
seismic events due to the impacts upon local stress regimes (Gambolati
and Teatini, 2015 and the references therein).

However, and importantly, we emphasise that we are not predicting
an increased probability of seismic activity in the Perth Basin due to
groundwater extraction or MAR. Furthermore, our observations suggest
that previously inferred faults - if they indeed exist - have not signifi-
cantly compartmentalised ground displacements in the Perth metro-
politan area over the duration of this study, either by being activated or
acting as permeability barriers. Nevertheless, sharp linear gradients in
ground displacement could indicate the presence of previously uniden-
tified faults or other permeability barriers in the northwest of the study
area that are important for groundwater flow over timescales of this
study.

Most other examples of uplift related to fluid injection in the litera-
ture describe hydrocarbon production — with fluid either injected to
stimulate production or to counteract subsidence caused by hydrocar-
bon extraction (Gambolati and Teatini, 2015). In other cases involving
MAR, the studies have focussed on aquifer-wide stabilisation of
groundwater levels and land surface subsidence due to groundwater
extraction, rather than a specific evaluation of the initial stages of in-
jection at a MAR facility and the direct response of the land surface. In
Perth, continued monitoring of ground displacements occurring coin-
cident with MAR is significant to understand any potential negative
impacts on infrastructure. Further monitoring, which will include the
newly installed continuous GPS and SAR corner reflector at the Beenyup
injection site, will also determine the impact of recharge upon long-term
inelastic compaction of the aquifer system (e.g., Bell et al., 2008) that
has been linked to subsidence of the Perth Basin since the 2000s
(Featherstone et al., 2015).

6. Conclusions

Artificial recharge of aquifers (MAR) in the Perth Basin with treated
wastewater has directly resulted in up to 203 mm of uplift during the
first 3.5 years of MAR operations at a single injection site. Space-based
InSAR provides the only set of observations that is spatially and
temporally dense enough to monitor ground displacements linked to
injection-induced changes, enhanced by the high spatial and temporal
resolution and precision of X-band SAR. This study has provided addi-
tional insight into the behaviour of groundwater flow in the Perth Basin,
through the pattern and magnitude of land surface displacements
resulting from the focus on the start and variable progression of the MAR
program. The variable spatial extent of the MAR dispersal is likely to be
dominated by the location of groundwater extraction bores and het-
erogeneities in the subsurface geology, including persistent linear fea-
tures that have not yet been considered in some hydrogeological models.
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