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Abstract

Groundwater constitutes 99% of Earth’s liquid freshwater, providing half the volume of water
withdrawn for domestic use. In Iran, groundwater provides 90% of the country’s agricultural
sector water needs. However, modernisation of Iran’s groundwater management approaches has
resulted in groundwater overdrafts and salinisation. One consequence of groundwater depletion is
land surface subsidence, the lowering of the land surface over time due to sediment consolidation.
Spaceborne monitoring is the most common technique for monitoring land subsidence. In this
thesis, | use Sentinel-1 INSAR to identify 106 land subsidence regions totalling 31,400 km? across
Iran. | generate vertical and East-West surface velocity fields for these regions at 100 m resolu-
tion using ascending and descending velocities and GNSS. | demonstrate the application of surface
velocity gradients in providing evidence for geological controls on subsidence patterns for seven
Iranian cities. | use Independent Component Analysis to isolate an inelastic component of subsi-
dence for all 106 regions, demonstrating all subsiding regions in Iran are permanently losing aquifer
groundwater storage capacity. | dilerknce satellite LIDAR returns and Digital Elevation Models
to retrieve land subsidence magnitudes in south-west Tehran, 2012-2024. South-west Tehran is a
noise rich environment for testing topographic di Lerkncing potential, including dense urban areas,
agriculture, and quarries. Calculated land subsidence magnitudes are within  20-30 cm of those
estimated using INSAR, an error magnitude similar to that reported in previous work investigat-
ing satellite altimetry accuracy. Finally, | investigate UK researchers’ perceptions of researching
geohazards using satellite data, and the ethics related to communicating and sharing this research.
I compare these perceptions to guidelines and expectations of these researchers which are estab-
lished in the Sendai Framework for Disaster Risk Reduction 2015 and Geoethics principles. My
findings have the potential to inform future ethics education, outreach, and guidelines in relation

to researching geohazard using satellite data.
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Chapter 1

Introduction

1.1 Groundwater depletion

Groundwater is freshwater that is stored beneath the land surface in soil and rock layers called aquifers. Ninety-six
percent of the world's unfrozen freshwater exists as groundwater, with 30% of all freshwater hosted in aquifers.
Billions of people and nearly half of all irrigated agriculture rely on this groundwater as a primary water source
(Famiglietti and Ferguson, 2021). Where groundwater extraction rates are faster than groundwater recharge rates,
groundwater stores become depleted. Currently, more than half of the world's major aquifers are being depleted.
Groundwater depletion on aquifer scales contributes to the redistribution of regional and continental water
masses (Cammalleri et al., 2019). The movement of these masses can be monitored by measuring Total Water
Storage (TWS) which is de ned as the sum of all water storage above and below the surface. Variations in TWS

are de ned as:

TWS = GWS + SWES + RESS + SMS (1.1)

where TWS is change in TWS, GWS is change in groundwater storage, SWES is change in snow
water equivalent storage, RESS is change in reservoir storage, and SMS is change in soil moisture storage

(Longuevergne et al., 2013). GW S and consequently TW 'S reduce when groundwater is depleted.

1.1.1 Groundwater depletion related deformation

Groundwater depletion causes changes in stress which cause both elastic and plastic deformation responses. In
rheological theory, the elastic range of stresses is de ned as that under which a material strains recoverably (Fossen,
2016). In this elastic regime, the relationship between strain and the applied stress can be linear (as in Figure
1.1.2a, “elastic’) or non-linear, or even exhibit hysteresis during recovery (Fossen, 2016). Materials which deform
elastically have an elastic limit or yield point. The yield point is reached when the applied stress exceeds the yield
stress. Under stresses exceeding the yield stress, deformation transitions from elastic to plastic, where strain is no

longer recoverable, but permanent and without fracture.
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Figure 1.1.1: Expected surface deformation due to aquifer groundwater depletion. a) Sentinel-1 satellites observe
aquifer surfaces in the ascending (A) and descending (D) satellite line-of-sight directions. Aquifer groundwater
depletion reduces groundwater level in the aquifer and thus aquifer pore pressure. b) Groundwater depletion
reduces groundwater load (GW S, Equation 1.1) and induces surface uplift. c¢) Seasonal changes in groundwater
level above previous maximum groundwater lows cause poroelastic responses in aquifer sediments and corresponding
surface level changes. d) Groundwater level reduction below previous all time lows cause irreversible compaction
of aquifer sediments, aquifer storage loss, and irreversible land surface subsidence. Inspired by Larochelle et al.
(2022).

Removal of groundwater at the regional scale from aquifer systems induces an elastic response of the crust,
resulting in vertical uplift as well as horizontal displacements pointing away from the load (Figure 1.1.1b, Boussi-
nesq, 1885; Holzer, 1981; Verruijt, 2010; King et al., 2007; Wahr et al., 2013). On the local aquifer system scale,
we expect two modes of deformation in addition to this crustal elastic response.

An “aquifer system' refers to a complex of variably extensive, faulted, and interbedded aquifers (coarse-grained
sediments) and aquitards ( ne-grained sediments) that function as a water-yielding unit (Poland et al., 1975). These
sediments accumulate in accommodation space at the Earth's surface and act as a complex, spatially variable, gran-
ular material and/or porous solid which hosts interstitial pore uid. Thus, aquifers can respond poroelastically
(Figure 1.1.1b) when subject to stress changes (Cheng, 2016). In this poroelastic regime, the aquifer system re-
sponds to pore uid pressure change, which a ects the aquifer system intergranular, e ective stress. This stress
change causes elastic compaction or expansion of the aquifer skeleton. For example, during groundwater depletion,
reductions in pore pressure increase e ective stress, causing elastic compression of the pore spaces and the sediment
framework (Cheng, 2016). In hydrogeological literature, this poroelastic deformation is often confusingly termed
“elastic' deformation (e.g. Chaussard and Farr, 2019). However, not all aquifer system deformation is in the poroe-
lastic regime. If the resulting e ective stress due to pore pressure change exceeds preconsolidation streggax
(Holzer, 1981), aquifer system sediments deform permanently or as widely termed in hydrogeological literature
‘inelastically' (e.g. Wilson and Gorelick, 1996). Preconsolidation stress ¢max is the maximum vertical e ective
stress which aquifer sediments have been subjected to prior to groundwater withdrawal (Holzer, 1981; Poland and
Ireland, 1988). This preconsolidation stress can generally be represented as the previous lowest groundwater level

(Sneed, 2001). During inelastic compaction (Figure 1.1.1d), the pore structure of ne-grained sediments (mostly in
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clay-rich aquitards, Figure 1.1.3) undergoes signi cant rearrangement, resulting in permanent (inelastic) reduction
of aquitard pore volume and irreversible land surface subsidence (Sneed, 2001; Wilson and Gorelick, 1996; Chaus-
sard and Farr, 2019). In this thesis, when discussing reversible aquifer system compaction and expansion, we use
the term “elastic’ in line with hydrogeological literature.

Elastic and inelastic aquifer system compaction characteristics vary. If water level decline results in vertical
e ective stresses which do no exceed preconsolidation stresgmay and thus compaction is in the poroelastic
regime, compaction and thus subsidence magnitude is relatively small compared to inelastic compaction magnitudes
(Sneed, 2001). Additionally, strain is in part recoverable (elastic) when stresses do not exceed preconsolidation
Stress ¢max (Holzer, 1981). Indeed, many works follow the assumption of Poland et al. (1975) that unless e ective

stress exceeds preconsolidation stresgmay then deformation is elastic and recoverable (e.g. Smith et al., 2017).

1.1.2 Land surface subsidence geomechanics

Land subsidence is the vertical lowering of the Earth's land surface over large areas due to the compaction of
subsurface materials (Cheng, 2016; Gambolati and Teatini, 2015). Drivers of land subsidence can be natural or
anthropogenic, or both (Raspini et al., 2022). Subsidence faster than a few millimetres per year is mainly driven by
solid or uid mobilisation underground (Herrera-Garcia et al., 2021) and can therefore be caused by anthropogenic
groundwater depletion. In this scenario, groundwater is extracted from aquifers systems. Aquifer systems consist of
con ned aquifers (those con ned between two impermeable layers including impermeable aquicludes or impermeable
and non-porous aquifuges) and uncon ned aquifers (those with a free, upper-surface not bounded by a con ning
impermeable layer). To extract groundwater, a well is drilled into an aquifer and groundwater is pumped out.

If groundwater is extracted via groundwater pumping faster than the groundwater recharge rate, groundwater
level falls and pore pressure p decreases. According to the principle of e ective stress rst proposed by Terzaghi
(1925) (Equation 1.2), if pore uid pressure p decreases at any point in a porous medium then the e ective,
intergranular stress on the aquifer skeleton () must increase in equal but opposite magnitude if the total vertical

stress (1) remains constant (Leake, 1990; Galloway et al., 1998; Smith and Li, 2021):

T = p+ e (1.2)
and thus
The change in e ective, intergranular stress ¢ can be determined by measuring or simulating hydraulic-head
h variations, as derived by Sneed (2001):

e= hg (1.3)

where is the density of pore water and is assumed constant, and g is acceleration due to gravity.
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1.1.2.1 Aquifer system speci c storage coe cient

The magnitude of elastic and inelastic compaction, and thus subsidence, in an aquifer system is determined by
e ective stress magnitude, the skeletal compressibility of aquifer sediments, and thicknesses of aquitards and aquifers
in the aquifer system. These controls can be described by considering the speci ¢ storage coe cient of con ned
aquifers.

The speci ¢ storage coe cient S of an aquifer system is the volume of uid taken into or released from a unit
volume of aquifer-system sediment per unit change in the average hydraulic head within the unit volume of the
aquifer (Lohman, 1972; Green and Wang, 1990; Sneed, 2001; Cheng, 2016). This dimensionless coe cient describes
therefore the groundwater released by con ned components of the aquifer system due to inelastic and elastic aquifer
compression as the pressure supporting the load above the aquifer decreases (Lohman, 1972). This uid volume is
derived from two processes: expansion or compression of the sediment (aquifer skeleton) resulting from changes in

e ective stress, and expansion or compression of the interstitial uid caused by a change in pore- uid pressure:

Ss=9g(+) (1.4)

where is the density of pore water, g is acceleration due to gravity, is the skeletal compressibility of aquifer
sediments, is porosity, and is uid compressibility.

For uncon ned aquifers, the storage coe cient is nearly completely described by the speci ¢ yield §,, as most
of the water water released from storage by uncon ned aquifers is through gravity drainage, whilst a very small

part comes from aquifer compression and expansion of water (Lohman, 1972):

V
Sy = VO (15)

where \ is the volume of water drained by gravity and V is the total volume of aquifer sediment.
The skeletal specic storage coe cient is the dominant component of speci ¢ storage coe cient Sg in most
unconsolidated alluvial aquifer systems. Indeed, uid compressibility is often assumed to be negligible in comparison

(Sneed, 2001), and thus $ is often simpli ed to:

S = g (16)

Skeletal compressibility () di ers typically by several orders of magnitude between ne-grained aquitards and
coarser-grained aquifers and thus de ned separately for these aquifer system components. For aquitards, skeletal

speci ¢ storage %’k is de ned for elastic and inelastic stress ranges:

8
Sgk - i Sgke = (Ize g; e < e(max) (1.7)
| Sgkv = Ev g; e e(max)

where the primes ~ indicate aquitard properties, and subscripts e and v refer to elastic and inelastic properties
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respectively. Changes in e ective stress . less than the previous maximum e ective stress (preconsolidation stress,
e(max) ) results in elastic aquitard deformation, whilst changes in e ective stress ¢ exceeding ¢max result in
inelastic aquitard deformation.
For coarse grained sediments found typically in aquifers, inelastic skeletal compressibility is negligible and
thus skeletal speci ¢ storage of the aquifer § is represented su ciently by the elastic skeletal specic storage

component Sye:

Ssk = Sske (1.8)

Inelastic speci c storage is generally 20 to 100 times larger than the elastic speci c storage in typical aquifer
systems consisting of unconsolidated to partly consolidated late Cenozoic sediments (Sneed, 2001).

The elastic or inelastic skeletal speci ¢ storage values and aggregate thickness of aquitards °tor aquifers b
de ne the skeletal storage coe cients of aquitards S? and aquifers &, respectively for the elastic and inelastic

ranges of skeletal compressibility:

8
oo SEISLOY < a9
750 =50 (p o; >
0, skv( ; e e(max)

Sk = Ssk = Sske(b) (1.10)

Thus, both inelastic and elastic compaction magnitudes are controlled by both the thicknesses of the compacting
layers as well as variations in hydraulic head (Chaussard et al., 2017).
The total aquifer-system storage coe cient S is de ned as the sum of skeletal storage coe cients of aquitards

and aquifers (Equation 1.9) plus the storage related to water compressibility:
S =S2+Sk+Sy (1.11)
In compacting aquifer systems, §, is much greater than S,. Additionally, the inelastic storage coe cient of
the aquifer system S, is approximately equal to the aquitard inelastic skeletal storage coe cient such that:
Sy S (1.12)

The volume of water derived from irreversible aquitard compaction ranges from 10 to as much as 42% of the

total volume of groundwater pumped (Prudic and Williamson, 1984; Sneed, 2001).

1.1.2.2 Time dependent consolidation

Aquitards are usually rich in silt and clay sediments compared to aquifers which are, generally, more sand rich and
thus more porous and permeable (Riley, 1970). Therefore, if hydraulic head reduces in the total aquifer system, head

will most likely not reduce in less permeable aquitards as quickly as adjacent, more permeable aquifer strata. Thus,
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the increase in e ective stress applied to aquitards is delayed until hydraulic head within aquitards decays towards
equilibrium with adjacent aquifer strata (Riley, 1970). The consolidation of the whole aquifer system, therefore,
is strongly time-dependent and complete consolidation is not reached until a steady-state vertical distribution of
head is complete throughout the aquifer system. Therefore, the relative di erence in head between aquifers and
adjacent aquitards (or excess pore pressure) can be used to estimate the remaining primary consolidation which
will occur under existing stress.

Riley (1970) describes how the time t required to dissipate average excess pore pressure from a single homoge-
nous aquitard, bounded above and below by aquifers in which head is instantaneously and equally lowered is related
to the time constant :

SO(b%=s)?

= (1.13)

where  is speci ¢ storage of the aquitard, §is aquitard thickness, and K°is vertical permeability of the aquitard.

Riley (1970) de nes a dimensionless time factor T:

T=- (1.14)

such that when T is one, t equals the time constant. Development of the time-consolidation theory of aquitards can
be found elsewhere (e.g. Scott, 1963; Riley, 1970), but in general, for commonly used time-consolidation functions,

the degree of consolidation of aquitards is around 90% when T is 1.

1.1.2.3 Using geomechanics of aquifer compaction to separate inelastic and elastic com-

paction from eld data

Measurements of both groundwater level change and sediment compaction in an aquifer system can be used to
construct stress-compaction or stress-strain curves (Riley, 1970; Poland and Ireland, 1988; Fossen, 2016). These
curves can be used to derive storage and compressibility parameters of the measured parts of the aquifer system
(Riley, 1970; Poland and Ireland, 1988), as well as describe when an aquifer system is compacting elastically or
inelastically.

Riley (1970) plots compaction history between depths 355 and 760 feet (Figure 1.1.2, top) against changes in
stress derived from hydraulic head change in equivalent units of water head (Figure 1.1.2, second panel) for an
aquifer system near Pixley, California (Figure 1.1.2 bottom panels). This depth interval corresponds approximately
to the principal zone of pumping in this con ned aquifer system.

Stress change (bottom panels) annually increases and decreases due to seasonal groundwater depletion and
recharge due to the changing balance of groundwater recharge rates and depletion rates. As the pumping season
begins, hydraulic head reduces, stress change increases and compaction increases rst linearly with stress. In
this linear portion compaction is assumed to be recoverable and elastic, following the theoretical linear relationship
between stress and strain (Figure 1.1.2a). Compaction then begins to increase non-linearly and inelastically (plastic,

Figure 1.1.2a) as stress change continues to increase, until stress change then starts to decrease. This decrease
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Figure 1.1.2: a) Theoretical relationship between stress and strain e for elastic-plastic deformation. Elastic
strain becomes plastic strain when > . When stress is removed, elastic strain is released whilst the plastic
(permanent) strain remains (from Fossen (2016)). b) Measured compaction and water level change in the Pixley
aquifer system in California from Riley (1970). Compaction is used as an estimate of strain whilst change in
water level depth is used to estimate aquifer system stress change. The relationship between stress and strain
(Compaction, Feet) in an aquifer system is used to determine when the aquifer system is compacting elastically
and inelastically.

re ects the dominance of recharge over pumping- hydraulic head is increasing.

In these segments where stress change is negative, we see a time dependency of aquitard compaction. In each
segment, the initial reduction of stress at the start of each autumn/winter season results only in a slight reduction
in compaction rate. Initial expansion of aquifers is concealed by the time delayed compaction of aquitards as water
is expelled from these impermeable strata. It follows that, as head rises in aquifers, the thinnest or most permeable
aquitards with the least excess pore pressure begin an elastic response along with the aquifers, whilst the thickest
or least permeable aquitards continue to compact throughout head recovery.

The elastic aquifer-system skeletal storage coe cient Sk can be approximated from the stress-strain curves by
estimating the stress-strain ratio where the recovery of compaction in winter months is constant i.e. the descending
stress-strain curve is linear with a positive slope. This linearity suggests that a component of compaction caused
by increasing stress related to the reduction in hydraulic head is reversible. Riley (1970) suggests this behaviour is
most clear in 1967 and 1968.

Once the linear, positive-slope segments of the descending limbs are identi ed, the tangent points are joined to
form line A A A. As described by Riley (1970), this line marks the transition from elastic to inelastic compaction.
Where stress change is greater than the line, compaction enters the inelastic regime, where aquitard grains undergo
permanent rearrangement. The intercepts of A A A are projected into the stress time panel to de ne line B B,
which tracks the seasonal and long-term decline in maximum excess pore pressure. B B therefore represents the
preconsolidation line: low stress magnitudes above the line result in elastic compaction of limited magnitude,
whereas high stresses below it result in more rapid, permanent inelastic (plastic) compaction.

In theory, each year if the stress repeatedly cycles through the same range and thus removing an approximately
equal percentage of the remaining excess pore pressure, the annual inelastic compaction magnitude will become

progressively smaller until aquitards are fully consolidated. Inelastic compaction magnitude therefore experiences
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Figure 1.1.3: Schematic compaction of a ne-grained aquitard ( h) in an aquifer system after groundwater
level reduction. Modi ed interpretation of gure from Gambolati and Teatini (2015).

exponential decay until inelastic compaction is negligible, and the aquifer system is dominated by reversible, elastic
deformation (Riley, 1970). For compaction time series spanning only a few years, therefore, time series may appear
near-linear. This apparent linearity re ects the short observational window rather than the true nonlinear decay

of inelastic consolidation.

1.1.2.4 Extending these principles to using remote sensing to separate elastic and inelastic

compaction

In relation to a con ned aquifer, observed land subsidence at the surface can be due to elastic (recoverable) and/or
inelastic (permanent) compaction of aquifer sediments, or a combination of the two. Blind signal separation
techniques have been used previously to isolate these inelastic and elastic deformation time series from observations
which record a mixed signal (for example using Global Navigation Satellite System (GNSS) or Interferometric
Synthetic Aperture Radar (INSAR)). Two assumptions usually underlie these approaches. Firstly, it is often
assumed that the elastic compaction component is represented by a deformation time series with annual period
(Chaussard and Farr, 2019). Sometimes the elastic component is even assumed to be represented by a sinusoid
(e.g. Haghshenas Haghighi and Motagh, 2024). Secondly, to isolate inelastic compaction, it is often assumed that,
due to a short observation window, that the inelastic compaction signal will appear near-linear (e.g. Ezquerro
et al., 2014b; Chaussard and Farr, 2019). This assumption in itself assumes that groundwater levels each year in
the observed time series fall below the preconsolidation stress threshold, and that full dissipation of excess pore
pressure has not been reached.

One such technique which has been used under these assumptions to isolate elastic and inelastic compaction
from an observed time series includes Independent Component Analysis (ICA). The relative magnitude of each
deformation component can thus be quanti ed. Extracted components can be used to deduce how surface geology
controls the pattern and reversibility of subsidence (Mirzadeh et al., 2021), estimate the dominance of either
inelastic or elastic (Chaussard et al., 2021) deformation over time (by calculation of By=iy Ezquerro et al., 2014b),
and nally how this dominance varies in drought conditions (Chaussard et al., 2017). Estimating relative ratios
of inelastic and elastic compaction allows determination of the percentage of subsidence which could be reversed

through improved groundwater management (Ezquerro et al., 2014b; Chaussard et al., 2017).
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1.1.3 Land Subsidence Hazard

Land subsidence is the most widespread and threatening geomechanical consequence of groundwater withdrawal
(Gambolati and Teatini, 2015). Subsidence due to groundwater depletion is slow and gradual, developing over long
time scales (months to years, Herrera-Garcia et al., 2021). Elevation loss is typically on the order of centimetres
to decimetres but cumulative, vertical subsidence of over 10 m is not unusual, such as in California's San Joaquin
Valley, USA (Galloway and Riley, 1988) and Mexico City, Mexico (Ortiz-Zamora and Ortega-Guerrero, 2010).
Land subsidence occurs progressively over large areas (tens to thousands of kilometers) with the extent of the
sinking area being wide where groundwater is extensively withdrawn (e.g. up to >13,500 kfin San Joaquin
Valley, Poland and Lofgren, 1984). Subsidence is, however, mostly limited to the aquifer scale rather than the

regional scale and variably a ects urban and agricultural areas worldwide.

1.1.3.1 Fissures and Faults

Several other geomechanical processes related to groundwater withdrawal are recognised. With high rates of
groundwater pumping and severe subsidence earth ssures can form, particularly perpendicular to the vertical
velocity gradient (Gambolati and Teatini, 2015). Ground ruptures have been associated with land subsidence
caused by groundwater depletion in arid and semi-arid regions since the late 1970s (Gambolati and Teatini, 2015).
Blocks move adjacent to a ssure in a direction perpendicular to the plane identi ed by the ssure (e.g. Holzer
and Pampeyan, 1981; Bankher and Al-Harthi, 1999; Wang et al., 2009). Similarly, pre-existing shallow faults can
be activated as pumping occurs. Removal of water by pumping decreases total stress and relaxes e ective stress
e acting on the fault plane (Equation 1.2) leading to sometimes to seismicity and infrequently land failure. This
particular failure is associated with block motion parallel to the faulting plane (e.g. Li et al., 2000; Huizar-Alvarez
et al.,, 2011). The 2011 Lorca M 5.1 earthquake, for example, was proposed to have been triggered by signi cant
crustal unloading caused by a 250 m drop in groundwater level from 1960 2010 (Gonzalez Méndez et al., 2012).
However, there is no general consensus regarding the relation between piezometric lowering and the 2011 event.
Changes in fault stress and fault behaviour due to groundwater depletion have been observed in California, including
across the San Andreas Fault (Lundgren et al., 2021; Murray et al., 2021).

In the context of structural geology, mapped faults have been observed to follow the margins of some subsiding
areas (Chaussard et al., 2014; Zhang and Burbey, 2016; Motagh et al., 2017; Zhao et al., 2018; Chaussard et al., 2021)
or mark the boundary between areas subsiding at di erent rates which coincides with a tectonic fault (Amelung
et al., 1999; Bell et al., 2008). The cause of this di erential subsidence may be due to a fault separating deposits
of di ering compressibilities, the fault separating di erent sediment thicknesses, or due to the fault acting as a
barrier to groundwater ow (Amelung et al., 1999; Bell et al., 2008). To further visualise di erential subsidence
rates and thus structural controls on subsidence rate, vertical and east-west velocities can be used to calculate
angular distortion and horizontal strain respectively (Cigna and Tapete, 2021b). These metrics estimate the
pixel-by-pixel spatial gradient of surface velocities.

These correlations of large di erential subsidence magnitudes with mapped faults and ssures imply the poten-

tial use of di erential subsidence to map the locations of previously unknown faults within subsiding sedimentary
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areas (Schmidt and Burgmann, 2003; Anderssohn et al., 2008). The exact location and direction of late Quaternary
faults is di cult to constrain but use of external datasets including Digital Elevation Models (DEMSs), using high
spatial resolution subsidence data, and applying some knowledge of tectonic setting can aid identi cation of fault
existence and regime (Hu et al., 2019). Areas with high and sharp di erential subsidence gradients can lack mapped
fractures, ssures, and faults, however. This may be due to the catalogue of fractures and ssures being incomplete
and requiring future eldwork; some areas having limited urban features, impeding mapping; strain being released

progressively in some areas; or fractures being repaired (Chaussard et al., 2021).

1.1.4 Global instances of land subsidence

Land subsidence due to groundwater depletion has been identi ed globally at 200 locations in 34 countries (Figure
1.1.4, Table 1.1 Herrera-Garcia et al., 2021). Subsidence preferentially occurs in temperate or arid climates in very
at areas (<1% slope), with 77% of subsiding regions coinciding with unconsolidated sediments accumulated in

alluvial basins or coastal plains (Herrera-Garcia et al., 2021). These sediments are typically Quaternary (Gambolati

and Teatini, 2015). In these basins, land subsidence mainly occurs mainly in areas with anthropogenic land use.
Groundwater depletion most prevalently results in inelastic deformation rather than elastic deformation (Herrera-

Garcia et al., 2021).
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ALOS, COSMO-SkyMed, Sentinel-

Nguyen et al. (2022) 50 2007 2018 1
Indonesia Jakarta Bott et al. (2021) 60 2014-2021 Sentinel-1 PSINSAR
Chaussard et al. (2013) 218 2007-2009 ALOS
Semarang City Yastika et al. (2019) 350 2003-2011, 2015-2017 Envisat, ALOS, Sentinel-1
Bott et al. (2021) 130 2014-2021 Sentinel-1 PSINSAR
Chaussard et al. (2013) 130 2007-2009 ALOS
Abidin et al. (2013) 190 1999 2011 éep"g”'”g' INSAR, - Microgravity,
Marfai and King (2007) 160 1997 2000 Benchmarking
Bandung Chaussard et al. (2013) 225 2007-2009 ALOS
Du et al. (2018) 150 2014 2017 ALOS, Sentinel-1
Ge et al. (2014) 240 2002 2011 ALOS, Envisat
Sidoarjo Chaussard et al. (2013) 165 2007-2009 ALOS
Pekalongan Susilo et al. (2023) 109 2010 2021 GNSS
Australia Latrobe Valley, Australia Johnston et al. (2021) 14 2015-2018 Sentinel-1 PSINSAR
New Zealand Wairakei Allis et al. (2009) 450 1970s Benchmarks
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/ Chapter 1. Introduction

Figure 1.1.4: Major worldwide sites of anthropogenic land subsidence due to groundwater withdrawal. Extreme
subsidence velocities tend to globally concentrate in Mexico, Western USA, Iran, East Beijing, and Java, Indonesia.
Locations partly from Gambolati and Teatini (2015) but updated to present.

A proxy for subsidence hazard- or potential subsidence- can be calculated by considering the combina-
tion of global subsidence susceptibility (GSS) and the probability of groundwater depletion in each location
over time. GSS considers how the variables lithology, slope, land cover, and Koppen-Geiger climate class
impact subsidence susceptibility (Herrera-Garcia et al., 2021). Using this proxy, Herrera-Garcia et al.
(2021) estimate potential subsidence with a probability exceeding 50% threatens 12 million kfnof the
Earth's land surface, with 1.2 billion people at high to very high potential of land subsidence hazard expo-
sure (Raspini et al., 2022). In Iran, an area exceeding 4,530 Knhas very high potential to be exposed to
land subsidence hazard (Herrera-Garcia et al., 2021). These "very high" probability regions are located
primarily on the southern shores of the Caspian Sea near cities Rasht and Babol. 257,683 %mf Iran

has a greater than 50% probability of potential subsidence.
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1.1 Groundwater depletion 0

1.1.5 Land surface subsidence in Iran

Due to rapidly expanding metropolitan and agricultural areas, Iran has su ered decades of increasingly
unrestrained groundwater extraction. From 2002 to 2015, the country's groundwater extraction points
increased 84.9% (Noori et al., 2021) as groundwater withdrawal rates fell 18% in the same period. This is
due to fresh groundwater resources becoming severely depleted and salinized (Noori et al., 2021). Iran's
total water resources per capita decreased 65% 1968 2008; these are forecast to fall a further 16% by
2025 (Sarraf et al., 2005). Severe extraction and subsequent groundwater level fall is associated with
land-surface deformation across Iran (Table 1.2, Motagh et al., 2008; Haghshenas Haghighi and Motagh,
2024). Monitoring the spread, extent, and rates of land subsidence therefore provides an indication of
water resource depletion.

Iran's capital Tehran has experienced groundwater depletion in recent decades due to uncontrolled
immigration, rapid population growth, and increasing groundwater extraction rates for industry and
farming activities (Motagh et al., 2008). In the south-east of the Tehran Plain, groundwater levels have
fallen 13 m since the 1990s due in part to an estimated 8,000 30,000 illegally drilled wells in the Tehran
province (Sarraf et al., 2005). Groundwater-related deformation in Tehran is observed mainly in the
western part of the Tehran Plain and in the Varamin area south-east of the Tehran Plain. Table 1.2

provides details of subsidence rates in these and other subsiding areas across Iran.

1.1.5.1 Geological settings of land subsidence in Iran

Rapid subsidence in Iran tends to occur in Quaternary sedimentary basins between peaks in Iran's main
mountain ranges to the north and south of the country (Alborz, Kopeh Dagh, southern foothills of Lesser
Caucasus Mountains; and Zagros Mountains, respectively, Allen et al., 2011; NIOC, 1957; Motagh et al.,
2017; Sokhadze et al., 2018). Current kinematics of these mountains are understood through earthquake
focal mechanisms as well as eldwork and GNSS campaigns (Allen et al., 2011; Talebian and Jackson, 2004;
Allen et al., 2003; Hollingsworth et al., 2010) and are attributed to the ongoing collision of the Arabia-
Eurasia collision (Allen et al., 2011; Regard et al., 2004; Talebian and Jackson, 2002). Earlier deformation
patterns and timings are debated, however, with estimates of the timing of the initial collision of the
Arabian and Eurasian plate, for example, di ering by 15 Ma (37-34 Ma to 20 Ma Allen and Armstrong,
2008; Okay et al., 2010). Allen et al. (2011) suggest that Iran's current strain pattern is in uenced by the

Afghan-Indian collision which prevents lengthening of Iran's crust in a south-east direction.
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Table 1.2: Estimated subsidence rates (SR) of subsiding regions in Iran as published in existing literature, excluding Iran-wide study by Haghshenas Haghighi and
Motagh (2024) which used Sentinel-1 descending data. Region names are from this study. ALOS = Advanced Land Observing Satellite; GNSS = Global Navigation
Satellite Systems; TSAR-X = TerraSAR-X satellite.

Name Max SR (mm/yr)  Observation period Observation technique Reference
Arak 280 2002 2008 Obsv of pipes, wells Rajabi and Ghorbani (2016)
Ardabil Plain 45 Oct 2014 Jan 2021 Sentinel-1 Ghorbani et al. (2022)
Bardaskan 270 Aug Dec 2004 Envisat Motagh et al. (2008)
150-300 July 2003 March 2006 Envisat Anderssohn et al. (2008)
Bardsir 1 220-250 July 2003 March 2004 Envisat Motagh et al. (2008)
2003-2009 Envisat Esmaili and Motagh (2009)

Damghan 120 2015 Field investigation Parhizkar et al. (2015)
Kaboodarahang 1 30 Jan 2015 Aug 2018 Sentinel-1 Khoshlahjeh Azar et al. (2021)
Kavir Sirjan 280 Apr 2004 Sept 2010 Envisat Choopani et al. (2017)
Lake Urmia 50 Aug 2003 Nov 2007 Envisat Sedighi et al. (2010)

60 2015 2018 Sentinel-1 Shahbazi et al. (2022)
Marand 104 Jan 2015 Feb 2024 Sentinel-1 Shahnazi et al. (2025)
Mashhad 280-300 2003 2005 Envisat Motagh et al. (2007)

300 June-Nov 2004 Envisat Motagh et al. (2008)

240 2003-2005 Levelling, GNSS, Envisat Hosseini and Bayat (2014)

190 2014 2017 Sentinel-1 Khorrami et al. (2020)

200 2005 2008 GNSS Lashkaripour et al. (2014)
Neyshabour 190 Apr 2004 Nov 2005 Envisat Dehghani et al. (2009)
Rafsanjan 500 May July 2005 Envisat Motagh et al. (2008)

300 June 2004 May 2016 Envisat, ALOS, Sentinel-1 Motagh et al. (2017)
Saveh 100 2003 2009 Envisat Jafari et al. (2016)
Varamin Plain 230 June Oct 2004 Envisat Motagh et al. (2008)

220 2003 2017 Envisat, ALOS, TSAR-X, Sentinel-1 Haghshenas Haghighi and Motagh (2019)
Western Tehran Plain 30 June Oct 2004 Envisat Motagh et al. (2008)

360 Sep 2004 March 2005 INSAR, GNSS, Levelling Mahmoudpour et al. (2013)

200 2003 2009 Envisat Dehghani et al. (2013)

150 2004 2010, 2014 2017 Envisat, Sentinel-1 Foroughnia et al. (2019)

250 2003 2017 Envisat, ALOS, TSAR-X, Sentinel-1 Haghshenas Haghighi and Motagh (2019)
Yazd-Ardakan Plain 94 Sept 2003 Sept 2004 Envisat Motagh et al. (2008)

150 2003 2020 Envisat, Sentinel-1 Mirzadeh et al. (2021)




LT

Figure 1.1.5: a) Iran land cover map derived from Sentinel-1 and Sentinel-2 data by Ghorbanian et al. (2020). b) 12 day mean coherence magnitude, 2014 2024. c)
96 day mean coherence magnitude, 2014 2024. Sentinel-1 INSAR surface velocities derived using COMET LiCS methodology (Elliott et al., 2025) in the East-West (d)
and vertical (e) component directions. Circles represent velocities measured by 2D GNSS stations; triangles 3D. In d) negative velocities indicates westward motion,
positive east. In c) negative indicates subsidence, positive uplift. f) Shear strain derived from East-West INSAR (d) and North-South GNSS surface velocities exemplify
di use strain localisation on Iran's regional fault systems (compared to other fault systems in the world). Text labels in e) locate subsidence regions in Table 1.2. K1 =
Kaboodarahang 1; WTP = Western Tehran Plain; VP = Varamin Plain; YAP = Yazd-Ardakan Plain.
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