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ABSTRACT

Induced seismicity — earthquakes driven by injections of fluids into the subsur-
face — is of growing societal importance in its impact on clean energy technol-
ogy. Advancements central to the world’s transition to a greener economy such as
geothermal energy and long-term geologic storage of CO2 are hampered by a lack
of understanding and control of the associated seismic hazards. In its mechanics,
frictional processes in the presence of fluids is a difficult problem to model given the
challenges of studying frictionally unstable material in a controlled environment.
Unstable gouge material is commonly found along faults in nature, due to pulver-
ization of brittle rock in to granular layers called ‘gouge.’ This thesis approaches
the challenge at two different scales: 1. at the scale of the localized shear layer
along the interface between two faults where we model laboratory earthquakes in
the presence of pressurized fluids, and 2. at the scale of a reservoir where we model
the rate of earthquakes given the injection/extraction schedule.

In order to infer the frictional properties of unstable gouge material from laboratory
experiments, we develop a probabilistic model based on a spring-slider representa-
tion of the experiment along with the rate-and-state friction law. Inversions indicate
that the presence of pressurized pore fluids stabilizes the gouge — by an increase
in the strength of the contacts and a lesser decrease in the grain size with slip
— even under the same effective normal stress. Assuming purely slip-dependent
healing of friction leads to an evolution of parameters with slip that is consistent
with previously established interpretations of rate-and-state parameters. The best
fitting spring-slider model still shows significant discrepancies to the experiment
in the evolution of creep and in the dependence on loading rate. A quasi-static
finite-element model with the same rate-and-state properties suggests that the gouge
in the sample likely slides in a spatially uniform manner. Thus, the discrepancies
between the spring-slider model and the experiment can likely be attributed to flaws
in the rate-and-state formalism and the slip law rather than the idealization of a finite
geometry to a single-degree-of-freedom system. The results prove that quantitative
analysis of frictional processes of gouge in the unstable regime is possible, and that
future development of constitutive relationships for friction should aim to reproduce
key features of stick-slip in detail.

To model seismicity induced by a geothermal well stimulation, we develop phys-
ical and statistical models of the seismicity rate. The physical models are based
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on rate-and-state friction and stress changes due to pore-pressure diffusion. The
statistical model performs a convolution of a kernel function inspired by Omori law
decay with the injection rate. Both models successfully reproduce the seismicity ob-
served during the 2018 enhanced geothermal system (EGS) simulation in Otaniemi,
Finland. We find that the effect of time-dependent nucleation from rate-and-state
friction is crucial in reproducing the temporal and spatial patterns of the observed
seismicity. We also find that the effect of finite nucleation cannot be approximated
well by introducing a stress threshold in the standard Coulomb friction model, at
least in the context of rapid variations of injection rates common in EGS operations.

We highlight the major assumptions of the Dieterich seismicity rate model and
examine how they may bias interpretations of induced seismicity observed in real
reservoirs by comparing it directly to a Discrete Fault Network (DFN) model. The
spatio-temporal pattern of seismicity in the finite setting is not only dependent on
fluid transport properties and its combination with nucleation characteristics but
also the distribution of initial conditions of the fault network. The back-propagation
front, in particular, occurs co-injection if the time to instability for the minimum
slip rate is shorter than the injection duration. The relocated catalogue of the 1993
GPK1 stimulation in Soultz-Sous-Forêts shows such a back-front which can be fit
qualitatively using the time to instability measure. A simple model for the rate
of magnitudes that accounts for the evolution of frictional stability reproduces the
apparent increase in the source radius of induced events in Soultz-Sous-Forêts. The
rate of larger events is overestimated by the model, possibly due to an overestimation
of maximum magnitudes by the volume of stimulation. The comparisons reveal that
parameters of the Dieterich model lack clear physical meaning in the finite analogue
and highlight the importance of using realistic physics, especially in models at large
scales where uncertainty due to assumptions at smaller scales may be amplified.

We end the thesis with the application of rate-and-state friction to dynamic rupture
modeling of seismic data from distributed acoustic sensing (DAS). The modeling
of the high-frequency DAS recordings of a "F 6.0 earthquake suggests a highly
heterogeneous underlying fault with several prominent asperities and barriers that
may control rupture dynamics. The model demonstrates how the high-stress patches
both inhibit and promote the overall rupture, while also contributing to a significant
amount of the energy release themselves. The successful interpretations of modern
seismological data encourage future development efficient models that can be used
for dynamic inversions.
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Nearly 300 million dollars of damages followed, mostly in the form

of infrastructure damage due to the ground motion (e.g., bottom

left - Gwon and Song, 2017). (Top right) Korean news channel

JTBC reports on the earthquake at the time of its occurrence and
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has caused a signi�cant dent in future expansion of geothermal energy
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1.2 The Duck Curve (The Solar Power Duck Curve Explainedn.d.): The

colored lines plot the net demand of electricity in California from
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again due to the production of solar energy during daytime. Net

energy demand is the highest during the evening, as solar energy

production decreases while demand stays high. The trough of the net

energy demand during daytime (sometimes referred to as `the belly
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construction of solar panels. The curve marks a shift in the energy
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1.3 Multi-Scale Nature of Earthquakes in Space. (Top) The earthquake

environment in its entirety spans a vast spectrum of length scales,

bridged between the size of grains along the fault interface at the

nano-scale and the thickness of the seismogenic zone at the kilome-

ter scale (Ben-Zion, 2008). (Bottom left) More zoomed-in around

the area immediately adjacent to a fault, a complex damage struc-

ture surrounds a fault core that accommodates a bulk of the shear

deformation (Mitchell and Faulkner, 2009). (Bottom right) Layers

of most localized deformation are more granular in nature, due to

the pulverization of the rock under high compression (Chester and

Goldsby, 2003). The complex network of physics that accommodates

each layer of rock with varying levels of damage poses a complex

problem to model and to resolve accurately in numerical simulations. 5

1.4 Examples of Fluid-Rock Interactions in Earthquakes. (Left) Rapid

slip along a localized layer with relatively small thickness produces a

signi�cant amount of heat, enough to melt the rock. Heat transfers to

the pore �uids and raises its temperature and pressure. The increase

in pressure reduces the e�ective normal stress and friction (Noda

and Lapusta, 2010). (Right) Poroelastic deformation of bulk medium

during slip induces �uid transport across the layer of slip such that

frictional resistance weakens ahead of the rupture tip. Both phe-

nomenon create positive feedback loops that dynamically weakens

frictional resistance and promotes rupture propagation. Such inter-

actions between the pore �uid and the solid rock matrix highlight the

non-linear relationship between the two materials that a�ects fric-

tion beyond the e�ective stress principle (Heimisson, Dunham, and

Almquist, 2019). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
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1.5 Mohr-Coulomb Criterion (Yang et al., 2017). The Mohr-Coulomb

diagram plots the state of stress along a plane or arbitrary orientation

in 2D. The Coulomb friction law states that slip occurs when the

shear stress equals the frictional strength, which is a scalar multiple

of the normal stress with the coe�cient equal to a predetermined

material property. The criterion can be drawn as a diagonal line

whose slope is equal to the inverse tangent of the friction coe�cient.

Injection of �uid decreases the e�ective normal stress and moves the

circle to the left on the plot, bringing closer the state of stress to

the failure criterion (the blue transition). Alternatively, the the stress

state of the solid constituent could also change (e.g., possibly due to

poroelasticity) to increase shear and normal stress (the red transition). 8

1.6 Non-linear Dependence of Seismicity on Periodicity in the Himalayas

(Ader and Avouac, 2013). (Left) The Main Himalayan Thrust Fault

exhibits a signi�cant amount of natural seismicity that is sensitive to

natural loading in the region. (Right) A Schuster spectrum delineates

the degree of sensitivity with respect to the periodicity of the applied

loading. The spectrum shows a statistically signi�cant sensitivity to

periods of a year which corresponds to the annual monsoon cycle.

Conversely, there is no sensitivity with respect to tides, which occur

diurnally (twice a day) and have similar amplitudes of stress change

as monsoons. Thus, Himalayan seismicity shows evidence that seis-

micity has a non-linear dependence to the stressing rate that is not

predicted by the Coulomb friction law. . . . . . . . . . . . . . . . . 10
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1.7 Prediction of Maximum Magnitude from Earthquake Statistics and

Coulomb Friction. (Left) The blue circles plot the observed maxi-

mum magnitude against the number of total earthquakes at various

�uid injection sites. The Pohang earthquake is labelled 'POK' near

the top right of plot (with the highest magnitude among all sites). The

expected maximum magnitude of induced earthquakes assuming the

Gutenberg-Richter relationship is plotted as a grey line. A number

of maximum magnitude events exceed the estimate, including Po-

hang (Van der Elst et al., 2016). (Right) A common assumption is

that ruptures can only propagate within the zone around the injection

point source stimulated by �uid di�usion (illustrated in the inset).

Such ideas have tried to explain the observed tapering of the tail of

the frequency-magnitude distributions (e.g., the distribution observed

from the 1993 Soultz geothermal stimulation as plotted from Shapiro

et al., 2011). However, such an explanation would only further under-

predict the maximum magnitude observed at injection sites. Thus,

ruptures likely propagate beyond the zone of �uid stimulation during

injections, such that the Coulomb friction criterion cannot explain. . . 11

2.1 Schematic of Experimental Apparatus. Two parallel steel plates

sandwich the gouge, con�ned by �uids that apply hydraulic pressure

to a PTFE sleeve that wraps the steel cylinders. Pore pressure, if

applied, enters the gouge layer through adjacent porous discs, and

the pressure is regulated by a servo upstream. Silicone spacers allow

horizontal con�nement of the gouge between the steel sliders with

negligible additional resistance. Stress is applied via the displacement

of the loading column at the end of one of the cylinders, not pictured

in the schematic. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
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2.2 volution of Friction in Granular Quartz Gouge With and Without

Pressurized Fluids: (a) Two samples with the same e�ective normal

stress (40 MPa) but di�erent pore pressure (0 MPa for the `dry' sam-

ple and 20 MPa for the `wet' sample) are loaded for 8.5 mm of total

displacement. The loading rate is switched between0•3µm/s (grey

background) and3µm/s (white background) at intervals of 1 mm

once past the yielding point at 1.5 mm of loading point displacement.

Both experiments show a development of instability with accumu-

lation of slip and a dependence of instability on the loading rate.

Characteristic features of stick-slip events highlighted in the zoom-in

(b) are used for parameter inversion. Instability develops earlier for

the wet experiment which also shows larger amplitudes of stick-slip

than the dry experiment (b). The di�erences between the two exper-

iments indicate a possible e�ect of pore pressure on friction beyond

the e�ective stress principle. . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Dry and Wet Experiments Di�er in Characteristics of Stick-Slip

Events: Histograms of stick-slip features from the last millimeter

of displacement for the dry (red) and wet (blue) experiments show

di�erences in the distributions of stress drop and observed sti�ness

but similarity in the distribution of creep %. The wet experiments

have generally higher stress drops indicating greater instability. At

the same time, the wet experiment shows greater evolution of creep

during the aseismic period, starting from higher <0Gimmediately af-

ter events leading to lower <8= immediately prior to the next events.

This results in a greater amount of creep during the strengthening

phase in the absolute sense on average and in greater curvature in the

evolution of friction (Figure 2.2b). The observed di�erences between

the two experiments indicate the e�ect of pore pressure on friction

beyond the e�ective stress principle. . . . . . . . . . . . . . . . . . . 21
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2.4 Indirect Inference of Event Slip Rate and Dependence of Nucleation

on Loading Rate: A zoom-in of the stick-slip sequence for both

experiments is shown around the velocity step at the loading point

displacement of 7.5 mm. The periods of lower and higher loading

rate at0•3µm/s and3µm/s are indicated by the grey and white back-

ground, respectively. Dots spaced by 0.1 s show the sampling rate

of 10 Hz. For both experiments, the stress drop phase occasionally

includes a measurement point, indicating an event duration of the

order of 0.1 s. The nucleation process immediately prior to the stress

drop, characterized by a roll-over of the friction curve, has longer

duration at the lower loading rate for both experiments. At the lower

loading rate, a signi�cant portion of the stress drop is consistently

resolved at 0.1 second intervals, while the �rst drop in friction is often

at least half of the entire stress drop at the higher loading rate. The

nucleation process shows a possible dependence on the loading rate,

although the eventual stress drop is similar. . . . . . . . . . . . . . . 22

2.5 Spring-Slider Model: The simple model idealizes the experiment as

a single-degree-of-freedom system. The spring, which represents

the loading system, pulls the block, which represents the frictionally

sliding material, at a prescribed displacement rate. A con�ning

stress is applied to the block and rate-and-state friction governs the

resistance of the block to shear displacement. Pore �uid pressure can

act on the base of the block. Dilatant expansion of the pore volume can

decrease pore pressure, increasing the e�ective stress and stabilizing

the motion of the block. The simplicity of the spring-slider model,

which captures the most essential physics of the experiment, allows

a sampling-based inversion approach that requires many calls of the

forward model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
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2.6 Detrending the Long-Term Evolution of the Friction Coe�cient. A

moving average (black curve of the panels on the left) of the raw data

(solid red and blue curves) is subtracted out to give the detrended

friction coe�cient (dotted red and blue curves of the panels on the

right). The large oscillations immediately following the velocity step

(happening approximately at 1.5 mm of loading displacement in both

experiments) are likely due to the velocity step and hence should be

modeled as part of rate-and-state e�ects with constant parameters.

In contrast, more gradual changes in the friction coe�cient at longer

time scales are likely not related to velocity steps but are rather caused

by longer-term evolution of the shear layer with slip, an e�ect that

rate-and-state formulations with constant coe�cients are not intended

to capture; such changes can be captured through variations in5� .

Detrending allows the inference of rate-and-state parameters to focus

more sharply on the frictional properties of a localized shear surface

in the gouge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
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2.7 Inversions of Synthetic Stable Velocity Step using Bayesian MCMC

Sampling for two representative examples di�ering in the true values

of � '( (1µmfor the yellow curves and100µmfor the purple curves).

The posterior distributions of0 and� '( are shown on the left in terms

of their relative error to the true value. The 2D frequency density

maps between the two inferred parameters are plotted as contour

maps in between the histograms. The posterior mean estimators

(solid colored curves) and parameter sets that are a single standard

deviation away (dotted and dashed curves) produce �ts that match

well the reference synthetic data (black curves) for both cases (right

panels). The inversion of the simulation with lower� '( has higher

range of relative uncertainty, largely due to the signi�cant amount of

state evolution that occurs during the initial rise in friction. At the

measured spring-sti�ness of 90.5 MPa/mm, the direct e�ect takes

place over a �nite amount of slip in the spring-slider model, which

is several multiples of� '( = 1µm while it is only a fraction of� '(

= 100µm. The ratio of slip to� '( is indicated by the second x-

axis at the top of the plots in the right panels. The trade-o� is also

visible in the 2D frequency density map of the posteriors, where an

increase in0, or an increase in the direct e�ect, is accommodated by

a decrease in� '( to promote state evolution during the direct e�ect.

In both cases, MCMC inversions of synthetic stable velocity steps

successfully infer the true rate-and-state parameters with less than

10% relative error. . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
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2.8 Relative Error from Inversions of Synthetic Stable Velocity Step Data

by Bayesian MCMC Sampling. The relative error of the posterior

mean estimators from MCMC inversions of synthetic stable velocity

step data are compiled for a wide range of rate-and-state parame-

ters (0: 0.006� 0.015,� '( : 1 � 100µm, 1 � 0: -0.002� 0.002).

The error bars indicate the �rst and third quantiles of the posterior

distributions as a measure of uncertainty. The top row shows the in-

versions of the simulations with0 and1 � 0 �xed to 0.010 and 0.002,

respectively. The yellow and purple dots correspond to the simula-

tions of Figure 2.7. The relative error in both0 and � '( increase

with decreasing� '( , due to the larger amount of state evolution dur-

ing the direct e�ect. This trend is consistent across the full range

of tested parameters (bottom row). Overall, both the relative error

of the posterior mean estimators and the standard deviations of the

posteriors rarely exceed 10%, showing that MCMC inversions can

infer rate-and-state parameters from stable velocity step experiments

su�ciently well. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.9 MCMC Inversion of Experimental Stable Velocity Step. The spring

slider models with the rate-and-state parameters given by the posterior

mean estimators produce good �ts (the red and blue curves) to the

experimental stable velocity step (black curve) for both state evolution

laws. Assuming steady-state conditions at the beginnings and ends

of the �tting windows, 0 � 1 is �xed to 0.0002 and 0.0001, and̀�

is �xed to 0.694 and 0.693 at a+ � of 3µm/s for the dry and wet

experiments, respectively. The dotted lines show �ts by parameters

that are a single standard deviation of the posterior distributions

away from the mean estimator. The two state evolution laws produce

similar values of0 while � '( is larger for the aging law. The

wet experiment requires higher values of0 and� '( to reproduce the

larger oscillation following the velocity step, highlighting a signi�cant

e�ect by pressurized �uids on the frictional parameters of the gouge. 33
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2.10 Accounting for Uncertainty in0 � 1 due to Long-Term Evolution

of Friction: Fixing 0 � 1 to 0.001, instead of 0.0002 as inferred

from assuming steady-state conditions at the beginning and end of

the original �tting window, produces a better match to the second

oscillation. On the other hand, �xing0 � 1 to -0.001 produces a

poorer �t with large � '( such that a gradual evolution of friction

�ts through the oscillations by a linear line of best �t. The plots are

produced for the slip law with no qualitative di�erences for the aging

law. The �ts highlight the sensitivity of the inferred parameters

to detrending and the need for care in choosing the most relevant

portions of the data for interpretation by rate-and-state friction in

realistic gouge material with complex deformation structure. . . . . . 35

2.11 Conventional Methods using Non-linear Least Squares with Quasi-

Static Spring-Slider Model Converge to Poorer Fits of Stable Velocity

Step Data. All inversions result in a more stable response than

experimentally observed, with broader �rst oscillation and poor �t

to the second oscillation, which corresponds to much larger inferred

values of� '( . For example,� '( is nearly 3 times larger for the dry

experiment and slip law compared to the value found by the MCMC

inversion with logarithmic sampling (Figure 2.9), and0 is slightly

smaller to match the peak given the smaller amount of state evolution

during the friction increase due to greater� '( . . . . . . . . . . . . . 36
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2.12 ogarithmic Sensitivity of Rate-and-State Response during Stable Ve-

locity Step to� '( : Friction response with the posterior mean es-

timators of the dry experiment using the slip law (solid lines) and

with increments of1µm and 0.002 in� '( (top) and a (bottom)

both below and above the mean estimators (dotted and dashed lines).

Changes in the response are largest for decreases in� '( which pro-

duce signi�cantly more unstable and oscillatory evolution in friction.

Comparatively, increases in� '( increase stability, and the qualitative

change in friction evolution is relatively minimal. Higher instability

due to lower� '( also increases the normalized mean squared error

(NMSE) more drastically, as indicated in the legend. On the other

hand, changes in0 produce relatively symmetric changes to the solu-

tion. The NMSE increases at a slightly higher rate for increase in0,

although to a slower extent than for decrease in� '( . A logarithmic

transformation of� '( in optimization schemes enforces asymmetry

in sampling so that low values of� '( where the frictional behavior

is more unstable are sampled at �ner resolution. . . . . . . . . . . . . 37
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2.13 Comparison of Convergence by Non-linear Least Square Between

Logarithmic and Standard Sampling: The top row compares the

paths of the minimizers to convergence using logarithmic (left) and

standard (right) sampling of rate-and-state parameters from four dif-

ferent initial guesses represented by four di�erent colors. The paths

increase in darkness with the iteration number, and star symbols

mark the start and end points of the paths. With logarithmic sam-

pling, the minimizer succeeds in converging to the posterior mean

estimators of the MCMC inversion (the intersection of the dotted

lines) regardless of the choice of the initial guess. The variance in

rate-and-state parameters along each path is signi�cantly greater with

standard sampling, especially in� '( . The bottom row compares the

least square residuals along each path. Logarithmic sampling follows

paths with largely monotonic decrease in the residual while standard

sampling departs signi�cantly from such paths with large peaks in

the residual history, associated with sampling large values of� '( .

Even when paths of standard sampling converge closely to the true

values (red and blue paths), they do so with an order-of-magnitude

larger number of iterations and with higher �nal residuals. The su-

perior convergence of logarithmic sampling, both in e�ciency and

accuracy, is due to the higher resolution of sampling at lower values

of � '( where frictional behavior is more unstable (Figure 2.12). . . . 39

2.14 Comparison of Accuracy Between MCMC and Nonlinear Least-

Squares Inversions: The solid lines plot the histograms of the pos-

terior distributions from MCMC sampling, and the dotted lines plot

Gaussian distributions centered around the non-linear least squares

solution with the associated standard deviation (square roots of the

diagonal entries of the covariance matrix). The 2D frequency density

maps between the two inferred parameters,0 and � '( , are plotted

as contour maps in between the histograms. Although both methods

succeed in converging to the true rate-and-state parameters, the range

of uncertainty is larger for the least-squares method, as evidenced by

the wider shapes of the distributions. . . . . . . . . . . . . . . . . . 40
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2.15 Spring-Slider Simulation of a Stick-Slip Sequence: Histories of the

friction coe�cient, slip rate, and normalized state variable are shown

for the slip (top) and aging (bottom) laws. The loading rate and

steady state are shown as red dotted lines on the plots for the slip

rate and normalized state variable, respectively. Dots along the curve

indicate 0.1-s intervals in time. The friction parameters are 0.010,

0.013, 1um, 0.7 and3µm/s for 0, 1, � '( , ` � and+ � , respectively.

For the same frictional parameters, the aging law produces a larger

stress drop. The aging law also produces a lower slip rate during

the arrest phase, leading to a large evolution of the slip rate and state

variable leading up to nucleation. Characteristics of stick-slip de�ned

in Figure 2.2a can be measured from such simulations and serve as

the basis for inversion for rate-and-state parameters. . . . . . . . . . 41

2.16 Slip Law has Higher Creep % than Aging Law. (Bottom left) The

creep % for a range of rate-and-state parameters (0: 0.005� 0.015,

� '( : 0.5 � 5µm,  2A•  <02� : 1 � 3 &  <02� = 90.5MPa/mm) is

plotted for the slip (yellow dots) and the aging (purple dots) laws;

the values inferred from the dry and wet experiments are shown by

red and blue dashed lines. As expected, creep % is lower for more

unstable regimes with greater ratios of 2A•  <02� for both laws. For

the same frictional parameters, the slip law produces higher creep

% than the aging law. (Top left and bottom right) Representative

simulations with the lowest and highest ratios of 2A•  <02� , respec-

tively. Dots along the curve indicate 0.1-s intervals in time. In both

cases, the aging law produces stick-slip events with characteristics

of greater instability, such as larger stress drops and lower creep %.

The di�erence in creep is especially visible for the simulations at

critical stability (top left panel), where the slip law exhibits greater

curvature in the evolution of friction during the loading phase. The

set of simulations also indicates that the spring-slider model would

only be able to reproduce a creep % as high as that observed in the

experiments near critical stability. . . . . . . . . . . . . . . . . . . . 42
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2.17 Experimentally Produced Stress Drops and Creep % Can Only Be

Reproduced by Spring-Slider Model Near Critical Stability: The

creep % and stress drop are plotted for a range of rate-and-state

parameters (0: 0.005� 0.015,� '( : 0.5� 5µm) within a narrow band

of the stability ratio around critical stability ( 2A•  <02� : 0.99� 1.01

&  <02� = 90.5MPa/mm) for the slip (yellow dots) and the aging

(purple dots) laws. The experimentally observed values of the stress

drop and creep % (dashed horizontal lines for the dry (red) and wet

(blue) experiments) can only be matched for a narrow band of the

sti�ness ratio near critical stability. . . . . . . . . . . . . . . . . . . 43

2.18 Shear Induced Dilatancy Decreases Stress Drop and Increases Creep

%: (Left and middle) Stress drop and creep % are plotted as contour

maps for a range of stability and dilatancy ratios (2: 0.001� 0•1 m2/s

&  2A•  <02� : 1 � 3) with 0, � '( andn �xed at 0.01,1µm and 1e-4,

respectively, using the aging law. For all stability ratios, dilatancy

stabilizes all aspects of the stick-slip cycle. Namely, decreasing the

hydraulic di�usivity, which traps the �uid more and increases the

strength of dilatant stabilization, results in higher creep % as well as

lower stress drops. (Right) A representative comparison between two

simulations that only di�er in the di�usivity. The model with lower

di�usivity (blue curve) shows greater stability, with smaller stress

drop and higher creep %. Hence, dilatancy e�ect cannot explain

experimental observations in which the wet experiment results in

higher stress drops while maintaining similar creep %. . . . . . . . . 44
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2.19 Sensitivity of Creep % to Rate-and-State Parameters Near Critical

Stability for Slip Law: The contour maps plot the creep % for a range

of 0, � '( , and1 that satisfy (left) 2A =  <02� and (right) 2A =

1•001 <02� . The red and blue dotted lines indicate the observed

creep % from the dry and wet experiments, respectively. At critical

stability (left column), creep % tends to increase with decreasing0

(and decreasing1) and increasing� '( (and increasing1 � 0). A

small change in the stability ratio such that 2A= 1•001 <02� (right

column) �ips the sensitivity in terms of� '( (and1 � 0). The upper

left corner of the plot for 2A = 1•001 <02� marks a region where

the numerical procedure fails to resolve events with strong dynamic

overshoot, correlated to high ratios of1� 0
0 . Example simulations

with a relatively low value of0 = 0.002 and high value of� '( =

2µm show how the regime of slip can change drastically with a slight

change in1 (� 1 < 1e-5). . . . . . . . . . . . . . . . . . . . . . . . . 45

2.20 Sensitivity of Creep % to Rate-and-State Parameters Near Critical

Stability for Aging Law: The contour maps plot the creep % for

a range of0 and � '( at the stability ratios indicated at the top

of the respective columns. The red and blue dotted lines indicate

regions along the contours that equal the observed creep % from

the dry and wet experiments, respectively. At slightly below critical

stability where 2A = 0.995 <02� (left column), creep % tends to

increase with decreasing0 (and decreasing1). Exactly at critical

stability (right column), the sensitivity �ips in terms of0 (and 1).

Similarly to the slip law, example simulations with a relatively low

value of 0 = 0.002 and high value of� '( = 2µm show that the

regime of slip changes drastically with slight increase in1 (� 1 <

3e-5), from slow slip/low-frequency events to fully seismic events.

The transition occurs at lower values of the stability ratio compared

to the slip law (Figure 2.19). Additionally, parameter sets with high

0 and high� '( also produce relatively high creep % unlike the slip

law. The di�erences to the slip law in the sensitivity of creep % imply

signi�cant di�erences in the plausible set of rate-and-state parameters

that match the experimental creep % using the two state evolution laws. 46
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2.21 Non-unique Sets of0, 1, and� '( Can Produce Similar Stress Drop,

Peak Stress, and Creep Evolution. (a-d) The relative error of MAP

estimators from MCMC inversions, with all frictional parameters (0,

1, � '( , and ` � ) treated as free variables, of synthetic simulations

for a range of rate-and-state parameters (0: 0.007� 0.015,� '( : 0.5

� 1µm, ` � = 0.7 &  2A•  <02� : 1 � 3). Aside from` � , MCMC

consistently fails to accurately infer the true parameters. Yet, models

with the inverted values generally produce stick-slip events closely

matching the synthetic data as shown by the representative example

in the rightmost panel. Furthermore, parameter sets that are 0.5

standard deviations away from the MAP estimators produce virtually

equal stick-slip cycles even though the rate-and-state parameters vary

by 10% to 50% of the true value. The relatively large variability

in frictional parameters that produce similar events demonstrates the

non-uniqueness of the inverse problem and highlights the need for

stronger constraints from observations for unique inversions. For

the inversion of experiments presented in this study, we utilize the

constraint that the set of frictional parameters must be close to critical

stability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.22 Quasi-Static Spring-Slider Predicts Singular Slip Rate for Slip Law

at Critical Stability. Solutions in the phase plane of slip rate (x-axis,

normalized in terms of the reference slip rate) and stress (y-axis, de-

viations from the reference value normalized by0 times the e�ective

normal stress) of the quasi-static spring-slider system at critical sta-

bility are re-plotted here for reference from previous studies, by Gu

et al. (1984) for the slip law (left) and by Ranjith and Rice (1999)

for the aging law (right). For the slip law, certain initial conditions

or perturbations can lead to singular slip rates in the quasi-static sys-

tem (labeled 'supercritical'). For the aging law, all trajectories are

contained within the quasi-static system. Based on the quasi-static

spring-slider studies, events of dynamic slip rate at critical stability

(or below it) are only possible with the slip law. . . . . . . . . . . . . 50
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2.23 Long-term Behavior of Stick-Slip Sequences in Dynamic Spring-

Slider: Two spring-slider simulations with the slip law, the same

rate-and-state parameters, and the same initial stress but di�erent

initial slip rates are plotted. The simulation with higher initial slip rate

(orange curve) produces a �rst event that is similar to the long-term

behavior of the simulated sequence. The simulation with signi�cantly

lower initial slip rate (purple curve) produces a �rst event with a

dramatically higher peak slip rate and a larger stress drop. Thereafter,

both models converge to the same sequence of events. Given that

di�erent initial conditions tend to converge to the same long-term

sequence, we choose ones that avoid large �rst events that are more

di�cult to resolve numerically. . . . . . . . . . . . . . . . . . . . . . 52

2.24 Inversions of Synthetic Stick-Slip at Critical Stability by Bayesian

MCMC Sampling: Two representative examples of MCMC inver-

sions are shown for stick-slip simulations of the spring-slider model

at critical stability, di�ering in the true values of� '( (and1). The

posterior distributions of0, � '( and ` � are shown on the left in

terms of their relative error to the true value. The 2D frequency

density maps between the inferred parameters are plotted as contour

maps in between the histograms. The maximum a posteriori (MAP)

estimators (solid colored curves) and parameter sets that are a single

standard deviation away (dotted and dashed curves) produce �ts that

match well the reference synthetic data (black curves) for both� '( .

The inversion of the simulation with lower� '( (and lower1 � 0)

has higher range of relative uncertainty in0 and � '( . A trade-o�

is noticeable in the 2D frequency density map of the posteriors of0

and � '( , such that an increase in0 is accompanied by a decrease

in � '( . In both cases, MCMC inversions successfully infer the true

parameters using the MAP estimators, although with a signi�cant

range of uncertainty represented by the width of the posteriors due to

the non-uniqueness of inverse problem. . . . . . . . . . . . . . . . . 53
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2.25 Relative Error from Inversions of Synthetic Stick-Slip Simulations

at Critical Stability by Bayesian MCMC Sampling: The relative

error of the MAP estimators from MCMC inversions of stick-slip

simulations at critical stability are compiled for a wide range of

rate-and-state parameters (0: 0.006 � 0.015, � '( : 1 � 100µm).

The error bars indicate the �rst and third quantiles of the posterior

distributions as a measure of uncertainty. The top row shows the

inversions of the simulations with0 �xed to 0.007. The yellow

and purple lines/dots correspond to the simulations of Figure 2.24.

Similarly to the inversion of the stable velocity step data, the relative

error in both0 and � '( increase with decreasing� '( . This trend

is consistent across the full range of tested parameters (bottom row).

Overall, the MAP estimators successfully infer the true values with

less than 5% error across the range of tested parameters. At the same

time, the posteriors are relatively broad in their range of uncertainty

as quantile values regularly exceed 50% in relative error due to the

non-uniqueness of the inverse problem. . . . . . . . . . . . . . . . . 54

2.26 Likelihood Maps at Plausible Stability Ratios For Slip and Aging

Laws: The in-line legend along the contours indicate the number

of standard deviations away from the mean of the experimentally

observed stress drop (red curves) and creep % (orange curves) for

spring-slider simulations using the slip law (left) and the aging law

(right). The intersecting regions of the closest to mean contours

indicate the plausible sets of rate-and-state parameters that reproduce

most closely the experimentally observed stress drop and creep %.

Di�erent ratios of stability are chosen for the two state evolution laws

such that the intersecting regions are of substantial size relative to the

tested range of rate-and-state parameters. Stability ratios generally

need to be lower for the aging law in order to match the higher creep %

from the slip law (Figure 2.16).0 of the intersecting region is slightly

higher for the aging law while� '( is similar for both laws. We look

for the inversion method to successfully infer the intersecting regions

of the likelihood contours, also taking into accountg?40:,  <0G and

 <8= among additional variability iǹ � and1. . . . . . . . . . . . . 55
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2.27 Matching Simulations of the Experimental Stick-Slip Events using

the Slip Law: The posterior distributions of the MCMC inversion

are shown as histograms on the left for the dry (red) and wet (blue)

experiments using the slip law and assuming a range of rate-and-state

properties close to the critical stability. The mean estimators from

MCMC inversions of the stable velocity step data are shown in the

same panels as vertical lines. For both the dry and the wet experi-

ments, the peak of the posterior distributions of0 coincide closely

to the mean estimators of the stable velocity step. The distributions

of the rest of the frictional parameters indicate a high chance of an

increase in1, a decrease in� '( , and a decrease iǹ� . The best

matching solutions using the MAP estimators are shown on the right

along with parameter sets that are a single standard deviation of the

posterior distributions away. Although the experiments have greater

variability between each event than the simulations, the models match

well select events of the experimental sequence that are closer to the

average event. Dots are plotted along the curves each 0.1 s, mimick-

ing the measurement frequency of 10 Hz in the experiment. Like in

the experiments, stress drops are often resolved by more than 2 points.

At the same time, the nucleation process of the simulated events lasts

signi�cantly longer both in time and slip. In the simulations, a visible

portion of the stress drop occurs at slip rates close to the loading rate,

while in the experiments, the �rst 0.1-s drop in friction always marks

a signi�cant increase in the slip rate. Still, MCMC successfully in-

fers a plausible range of rate-and-state parameters from the unstable

phase of the experiment and reveals quanti�able changes in the rate-

and-state properties of the quartz gouge with slip. The increase in

the evolution parameter,1, and decrease in the characteristic slip dis-

tance� '( between the stable step and stick-slip response is likely due

to localization of shear deformation and the comminution of grains

along the principal slip surface. . . . . . . . . . . . . . . . . . . . . 56
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2.28 Matching Simulations of the Experimental Stick Slip Events using

the Aging Law: The posterior distributions of the MCMC inversion

are shown as histograms on the left for the dry (red) and wet (blue)

experiments using the aging law and assuming a range of rate-and-

state properties close to the critical stability. The mean estimators

from MCMC inversions of the stable velocity step data are shown in

the same panels as vertical lines. Unlike the slip law, the peak of the

posterior distributions of0 increase slightly with respect to the mean

estimators of the stable velocity step. Additionally, the posterior of

� '( indicates an increase since the stable velocity step.1 and ` �

increase and decrease, respectively, since the stable velocity step like

the slip law, although to a greater extent. The best matching solutions

using the MAP estimators are shown on the right along with parameter

sets that are a single standard deviation of the posterior distributions

away. Dots are plotted along the curves each 0.1 s, mimicking the

measurement frequency of 10 Hz in the experiment. The aging law

also matches the experimental stress drop and creep % well like the

slip law. However, stress drops are consistently resolved by more

points than in the experiment, indicating signi�cantly lower slip rates

during the events. The nucleation process of the spring-slider models

last signi�cantly longer both in time and slip than in the experiments,

although this is also the case with the slip law. The �t of the aging

law ultimately features more discrepancies from the experiment than

the �t of the slip law. . . . . . . . . . . . . . . . . . . . . . . . . . . 58
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2.29 Spring-Slider Simulations Can Match Stress Drop, Creep % and Peak

Stress of Experiments but Cannot Match <0Gand <8=: Histograms

of the stick-slip characteristics observed from the dry (red cures of

left column) and wet (blue curves of right column) experiments are

plotted along with Gaussian distributions predicted by the MAP es-

timators for the slip (yellow) and aging (purple) laws. The simulated

distributions match well the observed distributions of the stress drop,

creep % and peak stress. The simulated distribution for <0G and

 <8= are lower and higher than those of the experiment, respectively,

for both state evolution laws. In other words, the experimental stick-

slip consistently shows more creep during the nucleation phase right

before the stress peak and a higher tendency to 'stick' right after the

event. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

2.30 In�uence of Loading Rate on Stick-Slip in the Spring-Slider: The

rate-and-state parameters of the best-matching model of the stick-

slip events in the dry experiment using the slip law (red) is used to

conduct spring-slider simulations at di�erent loading rates. Dots are

plotted every 0.1 s, similar to the measurement sampling at 10 Hz in

the experiments. The dotted lines in the second row demarcate the

loading rate using the same color of the corresponding simulation.

The loading rate has signi�cant e�ect on both the stress drop of

the event and the evolution of creep during the strengthening phase.

Namely, a decrease in the loading rate lengthens the nucleation phase

while decreasing the creep % and increasing the stress drop and

peak stress. The longer nucleation process with a decrease in the

loading rate is similar to the experiment (Figure 2.4) but the increase

in stress drop and peak stress is not observed in the experiments.

Thus, the spring-slider model with rate-and-state friction produces

extra sensitivity of stick-slip features to the loading rate not observed

in the experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
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2.31 Quasi-Static Finite-Element Model: The experimental apparatus is

approximated as a single column of constant thickness besides the

location of rubber spacers adjacent to the gouge layer (Figure 1)

which is left vacant, considering the negligible strain energy of rubber

compared to the steel surroundings. A constant displacement rate is

applied at the loading end of the column while the other end is held

�xed. A constant normal stress is applied from along the top surface

of the apparatus above the gouge layer while the displacement in

the vertical direction is �xed along the bottom surface. Plane-strain

conditions are applied and inertia is neglected. The simple 2D �nite-

element model simulates a more accurate analogue of the experiment

in terms of the apparatus geometry, accounting for the e�ect of a

�nite loading system and the �nite length of the sliding surface. . . . 64

2.32 Finite-Element Model Behaves Similarly to Spring-Slider for Stable

Velocity Step: The evolution of friction in the �nite-element model

with the rate-and-state parameters inferred from the spring-slider in-

version using the slip law is plotted (solid red curve) along with the

results from the spring-slider model (dotted red curve) and the dry ex-

periment (black curve) for the stable velocity step. The �nite-element

model behaves similarly to the spring-slider model and matches the

experiment well. The comparison shows that the spring-slider model

may serve as an accurate and e�cient representation of the �nite

experiment for the stable velocity step. . . . . . . . . . . . . . . . . . 65
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2.33 Evolution of Slip and Stress in the Finite-Element Model During the

Loading phase: (a) A single stick-slip event from the event sequence

of the �nite-element model is plotted along with the evolution of

stress (b, c) and slip, slip rate and state variable (d, e, f) during the

strengthening phase. The colors on each plot correspond to the same

time scale shown on the far right. Dots along the curves in (a) are

spaced at 0.1-s intervals. The shapes of shear (b) and normal (c) stress

pro�les change little during the loading period, due to uniform slip.

The shapes are non-uniform in space due to stress concentrations at

the ends of the frictional layer. During the plotted duration, evolution

of slip, slip-rate and the state variable are largely uniform in space

aside from a slightly higher acceleration at the end further away from

the loading column. This model suggests that di�erences between

the experiments and spring-slider models during nucleation phase

are not obviously due to �nite-fault e�ects. . . . . . . . . . . . . . . 67

2.34 Evolution of Slip and Stress in FEM Model During the Stress-Drop

Event: (a) A single stick-slip event of the �nite-element model is

plotted along with the evolution of stress and slip during the dynamic

phase (b, c, d, e, f). The colors on each plot correspond to the same

time scale shown on the far right. Dots along the curves in (a) are

spaced at 0.1-s intervals. Although slightly higher acceleration of

slip is visible at the edges, the evolution of slip, slip rate and the state

variable are largely uniform across the length of the slipping surface.

The spatially uniform evolution of slip suggests that the discrepancy

between the experiments and spring-slider models are not obviously

due to �nite-fault e�ects. . . . . . . . . . . . . . . . . . . . . . . . . 68

3.1 Well-Stimulation Operation in Otaniemi, Finland (Kwiatek et al.,

2019). The observation well (OTN-2) and stimulation well (OTN-

3) are indicated by lines extending into depth at the center of the

schematic. Locations of various geophones within the area are indi-

cated by the yellow triangles. Locations of stimulation stages S1 to

S5 vary along the length of OTN-3. Basic stimulation parameters are

shown in the inset. . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
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3.2 Earthquake Catalogue in Otaniemi. The complete catalogue of Leon-

hardt et al. (2020) is plotted in dark blue as a histogram. The injection

rate history is plotted in orange. The background colors represent the

timing of the individual injection stages. The seismicity rate shows

a strong direct and roughly linear correlation to the injection rate,

contrary to the non-linearity expected from rate-and-state friction. . . 77

3.3 Relocated Catalogue of Leonhardt et al. (2020). 1986 relocated

events are indicated as black dots according to their distances from

the injection source and time of occurrence (top). The red curve

outlines the theoretical triggering front of Shapiro, Huenges, and

Borm (1997),
p

4c2C 5C, with 2C 5= 2�>A=4A= 0.018 m2/s. It is di�-

cult to assess a level of agreement between the triggering front and

the relocated catalogue given the limited sample size. Clusters of

events far beyond the curve are likely due to leaks in the casing,

as evidenced by their locations close to the well path shown in the

vertical section view (bottom-left). In the map (bottom-right) and

and vertical section views, the well is drawn in black with stimulated

sections of the well and occurrence time of events color-coded cor-

respondingly. " � � ! refers to the local Helsinki magnitude scale.

The color-coding reveals little correlation in space between events

and stimulation stages. Overall, the
p

Cevolution of the triggering

front and the di�usive structure of the seismicity cluster suggests pore

pressure transport as the main triggering mechanism. . . . . . . . . . 78
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3.4 Omori Law (?=1) Decay During Shut-in. The recorded catalogue in

time is zoomed-in on an interval during which injection has largely

stopped (around 450-hour mark in Figure 2). A Short period prior

to shut-in is shown with a sky blue background. The shut-in period

is indicated with a grey background. The decay pattern in seismicity

rate during the shut-in is matched well with an Omori decay function

(modi�ed Omori-Utsu law with?=1), plotted in light purple. The

dotted lines and shaded areas in-between indicate the 95% con�dence

interval of the �t. The �tted value ofCA and the bounds of the

con�dence interval of the �t are indicated in the legend. Omori

decay may occur due to numerous mechanisms such as the �nite

nucleation process, stress relaxation by pore pressure di�usion, or

viscoelastic creep during the posteseismic phase. The nature of

induced seismicity from �uid injections makes a mechanism related

to pressure di�usion a likely candidate for Otaniemi. . . . . . . . . . 79

3.5 Marsan and Lengline (2008) Rate Densities. Rate densities measur-

ing the weight of in�uence from individual injections onto induced

events are computed through an adaptation of the cascading algo-

rithm from Marsan and Lengline, 2008. The densities follow a1•C

type of decay in time, consistent with the Omori-law decay observed

during shut-ins (Figure 3.4) and suggestive of the possibility for a

convolution kernel relating injections to induced seismicity. . . . . . 81
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3.6 Model Predictions in Time. Model predictions are plotted in di�erent

colored shading over the observed catalogue in dark blue. The dotted-

lines and shaded areas in-between indicate the 95% con�dence inter-

val of the prediction. Posterior distributions of �tted parameters are

shown on the right for applicable models. Rest of the parameters are

as listed in Table 3.1. While the global �t to the observations are com-

parable to other models, it lacks rapid variations of the seismicity rate

in-between injection cycles compared to the rate-and-state models �

evident of qualitative di�erences in modelling the stress state relative

to failure and delayed nucleation mechanisms. All models (besides

(c)) consistently capture temporal trends of the seismicity rate, such

as the Omori-law decay during shut-ins and build-up periods at the

onset of injections, with the linear convolution model requiring the

fewest parameters and lowest computational cost. Model parameters

and goodness-of-�t metrics are summarized in Table 3.2. . . . . . . . 83

3.7 Well-Pressure Measurements and Modelled Fit. Observed well-

pressure and the modelled �ts are plotted in red and blue, respectively.

The top �t corresponds to2CAD4= 2�>A=4A= 0.018 m2/s, e�ective well

radius,FA, of 44m and ambient pore pressure,?0, of 43.5 MPa while

the bottom �t corresponds to2CAD4= 21D= 0.044 m2/s,FA= 31m and

?0 = 54.9 MPa. The posterior distributions ofFA and?0 for 2CAD4=

2�>A=4Aare shown on the bottom-left and those for21D, FAand?0 are

shown on the bottom-right. While both models provide a good global

�t to the data,2�>A=4Aand21D tend to �t better either the drawdown

of pressure during shut-ins or the build-up of pressure at injection

onsets, respectively. The di�erence between the �ts likely indicates

the changing di�usivity of the injected medium with the injection

pressure. Di�usivity increases at higher pressure due to the creation

of fractures and hydraulic pathways and decreases at lower pressure

due to fracture closure and healing. . . . . . . . . . . . . . . . . . . 88
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3.8 Model Predictions in Space. The synthetic catalogue is plotted as

black dots in space and time with the relocated catalogue of Leonhardt

et al. (2020) superposed as red dots. The red curve outlines
p

4c2C 5C

with 2C 5= 2CAD4for each model. Histograms of the observed event

distribution in space is plotted in red along with randomly sampled

distributions of the synthetic catalogues in black. (a) The extension

of the convolution model to space gives a good �t. (b) The rate-

and-state model with2CAD4= 2�>A=4Aunderpredicts the mean distance

substantially. (c) Rate-and-state model without resetting of stress

history shows manifestations of the Kaiser e�ect from large regions

of seismic quiescence in stress shadows near the injection source. (d)

The �t to space in the rate-and-state model is signi�cantly improved

with 2CAD4= 21D. (e) The Threshold Coulomb model with2CAD4=

21D signi�cantly overpredicts the distribution of seismicity in space

as does the theoretical triggering front for2C 5= 21D, suggesting that

the role of delayed nucleation on seismicity migration is essential

in reproducing the observed spatio-temporal evolution of seismicity

in Otaniemi given the likely di�usivities. Model parameters and

goodness-of-�t metrics are summarized in Table 3.2. . . . . . . . . . 90

3.9 Sensitivity of Triggering Front to Delayed Nucleation. Synthetic

catalogues for two parameter sets only di�ering in0 (0.0001 and

0.001 in top and bottom, respectively) are shown. Lower0, which

translates to lower0f , results in a further extent of the triggering

front, due to the role of delayed nucleation that acts proportionally

to a threshold stress for the triggering of events as explained in detail

by Wenzel (2017). Along with the reference triggering front in

red, an additional
p

4c2C 5Ccurve is drawn in orange for0 = 0.001,

with 2C 5modi�ed by a factor of 0.3 that better matches the apparent

triggering front. The e�ect of the �nite nucleation process on the

spatial pattern of seismicity implies that neglecting rate-and-state

e�ects can signi�cantly bias the inference of di�usivity from the

triggering front. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
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3.10 Evolution of Spatial Distribution of Seismicity for Rate-and-State

Model. Spatial pro�les of the seismicity rate are plotted in blue at

various times for the rate-and-state model in response to a single

boxcar injection. Half-norm distributions, in green, are used to �t

the model-generated distribution. The line style alternates between

solid and dashed between each time step for clarity. The half-norm

distributions evolve with a time-dependent shape parameter,� ¹Cº,

which closely follows
p

2CAD4Cas shown in the inset of the top �gure.

The half-norm approximation of the spatial evolution of seismicity

in the physical model can serve as the spatial component to the

convolution model. . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.11 Inference of Di�usivity Accounting for Role of Delayed Nucleation

on Seismicity Migration. An empirical relationship for the multi-

plicative factor,W� , of � ¹Cº =
p

W� 2CAD4Cis found in terms of the

non-dimensional ratio0f • ?@(left). The �t can be used to infer new

uncertainty estimates on the di�usivity of the medium given appar-

ent spreading of the radial distribution of the seismicity in Otaniemi,

i.e., 2�6 = 0.011 m2/s. Contour plot on the right shows the percent

di�erence between the true di�usivity and the predicted di�usivity

from the functional �t W� ¹0f • ?@º for a range of0 and2CAD4. Con-

siderations of the role of delayed nucleation on seismicity migration

makes higher di�usivities more likely than previously considering

solely the theoretical triggering front of Shapiro, Huenges, and Borm

(1997). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.12 Comparison of Rate-and-State and Threshold Coulomb Model For

Varying Time Scale of Injections. The rate-and-state and coulomb

models that produced best �tting predictions of Figure 3.6d&e, re-

spectively, are compared in their response to the injection scenario

of Otaniemi with injection durations lengthened (top) and shortened

(bottom) by 10 times. The injection rate is shown in light orange.

The Threshold Coulomb model shows signi�cant disagreement with

the rate-and-state model for shorter injections, illustrating the di�er-

ences in modelling the stress state with respect to failure and delayed

nucleation at shorter time scales. . . . . . . . . . . . . . . . . . . . . 99
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3.13 Dependence of Omori Law Decay on Fluid Transport Properties.CA
of Omori Law Decay in response to single boxcar injections under

the rate-and-state model are plotted in terms ofC2 andC0 (left). CA,

shows a stronger dependence onC2, or the di�usivity, than onC0.

Namely, longer di�usion times result in longer relaxation times of

the seismicity rate.CA also shows strong dependence on injection

duration,C� (right). CA �rst increases with increasing seismicity rate at

time of shut-in, before decreasing as steady-state stress conditions are

reached when the seismicity rate decreases as well due to the Kaiser

e�ect. The strong dependence of the Omori decay in the physical

model to transport properties suggests that the observed decay pattern

in Otaneimi can be su�ciently explained by the di�usion of pressure,

with negligible e�ects from �nite nucleation. . . . . . . . . . . . . . 101

3.14 Partial Forecasting of Induced Seismicity by Physical Model. Ability

of the physical model to forecast induced seismicity is tested by

limiting the portion of the data used for model tuning. The rate-and-

state model with2CAD4= 21D = 0.044 m2/s is trained using only the

�rst injection stage. The training results in0, ¤gA, andA1 of 0.00005,

0.1kPa/year, and 0.39 events/day. The pseudo-forecast is comparable

to the hindcast of Figure 6d & 8d, with only a marginally higher KS-

statistic of 0.040 and lower log-likelihood of 169,076, demonstrating

the capability of the physical model to truly forecast seismicity. . . . 103

3.15 Partial Forecasting of Induced Seismicity by Convolution Model.

Ability of the convolution model to forecast induced seismicity is

tested by limiting the portion of the data used for model tuning. The

top two rows compare forecasts using the �rst one and two injec-

tion stages as training periods whereCA is estimated to be 2.9 and

10.4 hours, respectively. The forecast using solely the �rst injection

stage as the training period signi�cantly underestimatesCA and un-

derpredicts the seismicity rate for the rest of the injection history.

The forecast using the �rst two injection stages as the training period

is comparable to the hindcast of Figure 3.6a & 3.8a, with only a

marginally higher KS-statistic of 0.047 and lower log-likelihood of

175,430. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
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4.1 The Network of Embedded Fractures in the DFN Model. Discrete

fractures are embedded in an in�nite medium along a 10x10x10 grid

with an average spacing of 25m. The fractures share the same size

(10m x 10m) and the same orientation. Boundary element solution

for each fault is coupled to the rest by solutions for quasi-static stress

transfer between dislocations (Okada, 1985). Shear resistance on

each fault is governed by rate-and-state friction, radiation damping,

and inertial forces along the direction of slip. Unlike the Dieterich

model, the DFN model accounts for the �nite size of the seismogenic

reservoir, the full evolution of friction from any initial conditions,

and stress interactions between each fault. . . . . . . . . . . . . . . . 116

4.2 Distribution of Initial Conditions for Individual Faults in the DFN

Model. Initial conditions of all faults are plotted in their phase-

plane for the slip rate,+8=8
+ � , the normalized state variable,\ 8=8+8=8

� '(
, and

friction, 58=8. To satisfy the no-healing assumption used by Dieterich

(1994), the normalized state variable is ensured to be above 100.

By using analytical solutions for the quasi-static spring-slider, the

initial distribution traces the aseismic period of the lifecycle of a

spring-slider under constant loading. . . . . . . . . . . . . . . . . . . 118

4.3 DFN Catalogues with Di�erentA1 and the Dieterich Model Predic-

tion. The Dieterich model (contour plot of the background) and two

DFN Models (black and blue scatter plots) are simulated for the same

injection scenario at a constant injection rate of 30 kg/s. The initial

conditions of the DFN model are con�gured with di�erent values

of A1 (1 event/hour for the black catalogue and 1 event/year for the

blue catalogue). The catalogue with higherA1 has steeper triggering

and back-propagation fronts due to shorter times to instability. For

di�erent values ofA1, the normalized seismicity rate of the Dieterich

model does not change. The back-propagation front during the in-

jection only appears for the DFN catalogue due to the exhaustion of

a �nite number of sources. Although the Dieterich model does not

predict di�erent densities of seismicity rate for di�erentA1, the DFN

catalogues di�er signi�cantly due to the di�erence in the range of

initial distribution of times to instability. . . . . . . . . . . . . . . . . 120
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4.4 Long-Term Simulations with Di�erent Fault Spacing: (a) The Di-

eterich model and the DFN model withA1 = 1 event/hour of Figure

3 is extended in time along with a shut-in of the injection at the half

point of the simulation duration. The DFN catalogue exhibits a long-

term convergence to steady seismicity rates due to source interactions

at constant loading. The increased frictional stability due to increase

in pressure also creates an aseismic region in the DFN model (the

region is traced at its upper boundary by the white dotted line). The

shut-in delays the time to instability for faults close to the injection

source for both the Dieterich and DFN model. Otherwise, the Di-

eterich model predicts a constant seismicity rate for the simulation

period. (b) Fault spacing is increased from 25m to 500m to decrease

the extent of source interactions with slip, which fully eliminates the

convergence of the fault network to a steady seismicity rate. The

long-term simulation reveals the the e�ect of source interactions in

the redistribution of the stress state across the fault network that is

not accounted for in the Dieterich model. . . . . . . . . . . . . . . . 122

4.5 Dieterich Model Fits to DFN Catalogues withA1–�84C4A82�as a Free

Parameter and0�84C4A82�= 0� �# . The Dieterich model is matched

to DFN catalogues at di�erent injection rates by adjusting the back-

ground seismicity rate parameter,A1–�84C4A82�to match the total num-

ber of events. A1–�84C4A82�is lower thanA1–��# to compensate for

the �nite number of faults in the DFN model.A1–�84C4A82�is lower

at higher injection rates where the Dieterich model predicts higher

seismicity rates from accessing the in�nite population of sources,

while the total number of events in the DFN model is limited by the

number of embedded fractures. . . . . . . . . . . . . . . . . . . . . 126

4.6 Sensitivity ofA1–�84C4A82�to Injection Rate with0�84C4A82�= 0� �# :

A1–�84C4A82�of the best �t to the DFN catalgoues are plotted for all

tested injection rates.A1–�84C4A82�is lower than the value ofA1–��#

used to con�gure the initial conditions of the DFN model (dotted

horizontal line) at all injection rates.A1–�84C4A82�decreases with in-

creasing injection rate in order to match the total number of events in

the DFN model which is limited by the number of embedded fractures.127
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4.7 Dieterich Model Fits to DFN Catalogues withA1–�84C4A82�and0�84C4A82�

as Free Parameters. The Dieterich model is matched to DFN cata-

logues at di�erent injection rates by adjusting the background seis-

micity rate parameter,A1–�84C4A82�to match the total number of events,

and adjusting0�84C4A82�to match the evolution of the seismicity rate

with time. The Dieterich model tends to have higher peaks of the

seismicity rate at the onset of injection due to accessing an in�nite

population of the nucleation sources, especially close to the injection

source. To dampen the peak and match the DFN catalogue more

closely, 0�84C4A82�is lowered with respect to0� �# . The peak is

stronger at higher injection rates in the DFN catalogue, and0�84C4A82�

increases slightly. Lower values of0�84C4A82�increase the seismic-

ity rate at further distances and matches more closely the spatial

distribution of events in the DFN catalogue. . . . . . . . . . . . . . . 129

4.8 Sensitivity of MatchingA1–�84C4A82�and0�84C4A82�to Injection Rate.

A1–�84C4A82�and 0�84C4A82�of the best �t to the DFN catalgoues are

plotted for all tested injection rates. BothA1–�84C4A82�and0�84C4A82�

are lower thanA1–��# and0� �# at all injection rates. Compared to

when0�84C4A82�=0� �# (Figure 6),A1–�84C4A82�is lowered even further

as lower values of0�84C4A82�tends to increase the normalized seismic-

ity rate. 0�84C4A82�initially increases with the injection rate in order

to match higher peaks of the seismicity rate evolution at the onset of

injection, until around 5-10 kg/s where it begins to decrease due to

e�ects of truncation of the singular pressure �eld. The systematic de-

crease in0�84C4A82�compared to0� �# reveals that the underestimate

of 0�84C4A82�can be attributed to the exhaustion of a �nite number of

nucleation sources in real reservoirs. . . . . . . . . . . . . . . . . . . 130
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4.9 Matching of Triggering and Co-injection Back Fronts in the Relocated

Catalogue of Soultz-Sous-Forêts: A transition in the shape of the

triggering front from a
p

Cto linear curve and a co-injection back-

propagation front are both observed in the relocated catalogue of the

Soultz-Sous-For̂ets stimulation. Both seismicity fronts are matched

considering the time to instability (Equation 4.9 for the pressure

history with an average and minimum initial slip rates of+<40= =

2.1e-12 m/s and+<8= = 2.0e-15 m/s. The quality of the match shows

that the spatial pattern of seismicity in Soultz can be explained by

the exhaustion of nucleation sources in a �nite fault network. The

parameters of the model are summarized in Table 4.2. . . . . . . . . 131

4.10 Evolution of Source Radii with Time in Soultz-Sous-Forêts and Rep-

resentative Model of Rate of Event Magnitudes. (a) The event fre-

quency density of source radii distribution due to the stimulation

of the GPK1 injection well in Soultz-Sous-Forêts in 1993 is plotted

at increasing time (catalogue developed by Cauchie, Lengliné, and

Schmittbuhl (2020)). (b) The distribution is reproduced by a model

of the rate of magnitudes (Equation 4.13 considering both the e�ect

of stimulated volume on rupture propagation and the dependence of

nucleation size on e�ective normal stress. The increase in nucleation

size due to injection reproduces both the Gaussian shape of the dis-

tribution along with the decreasing frequency of smaller events with

time. (c) Without consideration of the normal stress dependence of

nucleation size, the events of the highest frequency have the small-

est detectable size for all time. The parameters of the model are

summarized in Table 4.2. . . . . . . . . . . . . . . . . . . . . . . . . 132
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4.11 E�ect of Finite Nucleation on Seismicity Rate in a Finite Fault Net-

work: An injection triggers seismicity in two �nite fault networks

with the same distribution of times to instability under constant stress-

ing but di�erent values of0� �# (0.003 and 0.013). The network with

lower value of0� �# = 0.003 produces both a seismicity pattern that

extends further in space and a more rapid decay of seismicity rate in

time. The two features are consistent with the dependence of seismic-

ity on 0f andC0 in the Dieterich model. A lower value of0f acts like

a lower threshold value that allows further propagation of seismicity

in space while a lower value ofC0 corresponds directly to faster decay

of seismicity rate for a sudden change in stress. Thus, the �nite nu-

cleation process in rate-and-state friction still has a signi�cant impact

on the seismicity rate of a �nite fault network. . . . . . . . . . . . . . 135

4.12 Steady-State Conditions of a Fault Network Under Constant Loading.

The �nal distribution of the slip rate,+ 5 8=0;

+ � , the normalized state

variable, \ 5 8=0;+ 5 8=0;

� '(
and friction, 55 8=0;, of all faults at the end of

a long-term simulation with constant loading are plotted in their

phase planes. The plotted distribution produces a roughly constant

seismicity rate with the majority of the faults being below-healing

( \ 5 8=0;+ 5 8=0;

� '(
Ÿ 1). The numerical simulation provides a possible

candidate for more accurate initial conditions of an unstimulated

reservoir prior to injections. . . . . . . . . . . . . . . . . . . . . . . 137
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5.1 100-km Fiber-Optic Cable as a Dense DAS array for Imaging a Crustal

Earthquake. The 2021 Antelope Valley" F 6.0 earthquake (red cir-

cle; focal mechanism shown by the red-and-white ball) occurred to

the northwest of the DAS systems, within the central part of the

Walker Lane fault zone hosting numerous faults (solid purple lines).

The North DAS system (red line) starts from Old Mammoth and

extends towards the northwest. The South system (blue line) ex-

tends to the east on the fringe of the Long Valley Caldera (LVC,

indicated by the black closed curve). Five strong motion stations

(green triangles) recorded unclipped data of the mainshock within a

70-kilometer epicentral distance. The 100-km �ber-optic cable used

in this study represents a small portion of the currently proposed

telecommunication �ber network (e.g., the 10,000-mile State of Cal-

ifornia Middle-Mile Broadband Initiative indicated by orange lines

in the upper-right inset.) . . . . . . . . . . . . . . . . . . . . . . . . 144

5.2 Seismic Recordings on Thousands of Closely Spaced Channels of the

DAS Array Reveal Subevents in the" F 6.0 Earthquake. (a) Seismic

records (microstrain) of the" F 6.0 event by DAS are plotted in

shades of blue and red for negative and positive values, respectively.

Channel number 0 is the location of the two DAS interrogators hosted

at Old Mammoth. The predicted P and S arrival times (black and

green lines) using a local 1D velocity model (Lee et al., 2014) match

the onset of seismic energy consistently across all channels. The inset

shows a zoomed-in view of the seismogram from a single channel,

indicated by the black box. (b) The schematics of the 3D imaging

technique using back-projection of both P and S correlograms are

illustrated. Examples of S-phase correlograms averaged over 1000

channels are shown in green along the yellow ray paths. The back-

projected correlograms stack coherently at the subevent location,

resulting in a bright spot with high cross-correlation values (CC) in

the 3D volume (yellow regions in the left block). . . . . . . . . . . . 145
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5.3 The Imaged Subevents in Relation to the Low-Frequency Finite-Fault

Inversions and Recordings from Regional Seismic Stations. (a) The

timing of the imaged subevents (colored vertical bars) with respect to

the moment release history as captured by the USGS (grey curve) and

SCARDEC methods (blue curve) indicates that the subevents occur

within the �rst half of the earthquake. The last subevent appears to

delay the release of moment release initially, before being followed by

the highest peak in the moment release history. The relationship be-

tween the timing of the subevents and the shape of the low-frequency

moment rate history provides valuable insights regarding the physical

e�ect of the subevents on the overall rupture. (b) Locations of the

subevents as inferred from back-projection with respect to the USGS

�nite-fault inversion of total slip (background colour) are indicated as

the colored circles along with the contours of 70%, 80% and 90% of

the peak correlation (colored contours). The inset displays the fault-

plane view of the subevent locations. (c) The predicted arrival times

of the S phase of the subevents (vertical lines) at �ve local strong-

motion stations are indicated on top of the tangential components of

the velocity seismograms (black curves), along with 70% of the peak

correlations (shaded boxes). The clear match between the occurrence

time of the subevents with peaks in the velocity seismograms support

the accuracy of the DAS back-projection method. . . . . . . . . . . . 146

5.4 Schematic of the Dynamic Rupture Model. The spectral boundary-

integral method simulates frictional slip between two in�nite, homo-

geneous and elastic bodies in continuum and fully accounts for the

e�ect of inertia. The computational domain consists of an outer re-

gion (colored in grey) with a prescribed rate of slip (at an approximate

plate rate of 1e-9 m/s) to mimic tectonic loading on the seismogenic

portion of the fault (colored in blue). The seismogenic portion con-

sists of four circular patches (colored in yellow) with relatively high

initial stress and frictional properties that match the observed behav-

ior of the high-frequency radiators. The model provides an e�cient

method to rigorously test the hypothesis that the high-frequency ra-

diation originates from patches of high stress on a heterogeneous

fault. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
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5.5 Distribution of Initial Conditions and Final Stress Drop Across the

Fault. Contour plots show the distribution of (a) initial normal stress,

(b), slip rate, (c) shear stress above the dynamic level,g3H=, (d) the

normalized state variable,+
� \

� '(
, an (e) the distribution of the �nal

stress drop after rupture arrest. The distribution of initial conditions

are inspired by typical development of prestress pro�les observed in

long-term simulations. Patches of high normal stress have smaller nu-

cleation size and are more inherently unstable than the surroundings,

leading to lower slip rate and higher shear stress. When the rupture

passes through the entire fault, the patches experience higher stress

drop as they release the greater amount of stored energy The average

stress drop across the fault is 1.4 MPa while the stress drop within

the high-stress patches ranges from 5.0 to 6.1 MPa. The particular

set of initial conditions and fault properties (which are non-unique)

reproduce the timing of the subevents and the low-frequency moment

rate history inferred from the Antelope Valley earthquake. . . . . . . 151

5.6 Subevents as Breakage of Stronger Fault Patches and Their E�ect on

Rupture Illustrated by Dynamic Rupture Modelling. a�f, Final slip

(indicated by color gradient, a,c,e) and moment-rate evolution (black

lines with grey shading, b,d,f) for three models: Model 1 with four

patches that mimic the rupture process of the" F 6.0 Antelope Valley

event (a,b); Model 2 with the fourth patch removed (c,d); and Model 3

with a weaker fourth patch (e,f); the location of the patches are shown

by blue circles (a,c,e). The simulated moment rate (grey-shaded black

curves) for the preferred Model 1 (b) matches the main features of

the SCARDEC (blue curve) and USGS �nite-fault solutions (grey

curve). The simulated times of the rupture breaking each high-stress

patch (colored vertical lines, with colored boxes indicating the time

range that the rupture front passes the patches) match the occurrence

time of subevents from back-projection imaging (�lled circles). g�i,

Snapshots of slip rate on the fault illuminating the rupture process for

Model 1 (g), Model 2 (h) and Model 3 (i). Eliminating or changing

the fourth patch substantially a�ects total moment release and reveals

the prominent role that the high-stress patches play in the propagation

of the overall rupture. . . . . . . . . . . . . . . . . . . . . . . . . . . 155
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6.1 Back-Projection of Acoustic Emissions from Partial Rupture along

Saw-Cut of Granite by Marty et al. (2019). The colors indicate the

value of the coherency function from back-projection of acoustic

emissions measured around the circumference of the sample. The

coherency function tracks the evolution of rupture and reveals that the

event consists of a nucleation region close to the edges, followed by

dynamic slip through a portion of the frictional surface. The detailed

documentation of the rupture process provides additional constraints

on the friction law. . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

6.2 Backscatter Electron (BSE) Images of Complex Evolution of De-

formation Structure in Gouge from Shear Loading by Bedford and

Faulkner (2021). (a, b) After the sample has yielded, R1 Riedel

shears crosscut the layer. (c, d) At the onset of stick-slip instabilities,

R1 Riedel shears and incipient B-shears are observed. (e, f) At the

end of the experiment after multiple stick-slip events, well-developed

B-shears are observed at the top and bottom of the layer, with discrete

Y-shear planes found within the main boundary shears (inset). (g)

Schematic illustration of the microstructural evolution. The deforma-

tion history of the gouge is more complex and �nite (in the direction

perpendicular to loading) than that of a bare surface, and it is possible

that continuum models may be better-suited to describe gouge. . . . . 164

6.3 Control and Optimization of a 2D Reservoir by Gutiérrez-Oribio and

Stefanou (2024). (Top left) Seismicity rate (solid black and orange

curves) in regions,+1 (the entire domain in bottom row) and+2

(dotted domain in bottom row), follow the prescribed values (shaded

lines). (Top right) Injection �ux of the �xed well (blue) and injection

�uxes of the control wells (red) follow the constraint of intermittent

demand (black curve in bottom right panel). (Bottom left) . Fluid

pressure distribution in the reservoir at the end of the simulation. The

control strategy ensures the steady state of the pressure solution after

approximately 24 months. Such framework allows the addition of
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6.4 High-Fidelity Modeling of the 2019 Ridgecrest Earthquake Sequence

by Tau�qurrahman et al. (2023). Slip along the Ridgecrest fault sys-

tem is indicated in by the yellow-red colorbar while displacement rates

in the bulk are represented by the white-green-yellow-red colorbar.

The fully dynamic simulation with realistic topology requires great

computational expense. Surrogate models provide a possible avenue

towards the leverage of high-�delity models in inversion schemes. . . 168

A.1 Estimate of Experimental Noise as a Gaussian Distribution. (Left) A

moving average of the friction measurement from the dry experiment

is subtracted from the raw data in the �rst 1.5mm of loading point

displacement. (Right) The di�erence between the raw data and the

moving average is plotted as a histogram. The distribution closely

resembles a Gaussian distribution. The standard deviation of 0.0004

is used as the standard deviation of Gaussian noise in the probabilistic

model of Equation 2.8. . . . . . . . . . . . . . . . . . . . . . . . . . 187

B.1 Seismicity and injection rate for the demonstration of Marsan and
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volution of the step-wise injection history with a kernel derived from

the di�erentiation of the Omori law. The rates are normalized by

their maximum values. . . . . . . . . . . . . . . . . . . . . . . . . . 188

B.2 Sensitivity of the bare rates to discretization ofXC(left) and injection

cycles by ratios ofCA to the duration of binned injection cycles,C�2
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surements of well pressure during a shut-in period is shown as a

scatter plot against the modi�ed Horner time in black. For later times
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through the linear portion of the curve, the slope of which results in
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B.4 Zaliapin and Ben-Zion (2013) cluster analysis. The contour plot

(left) shows the distribution of the nearest-neighboring distance of

all events in terms of their rescaled inter-occurrence time and dis-

tances. Following Zaliapin and Ben-Zion (2013), rescaled time,
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35
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earthquake hypocenter distribution, and@is a multiplicative factor.

The histogram (right) plots the frequency distribution of the nearest-

neighboring distances. Both plots exhibit strong uni-modal behavior,
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ple) following the Heimisson & Segall (2018) formulation is plotted
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C h a p t e r 1

INTRODUCTION

The 2017" F 5.4 Pohang earthquake was a historic event for a country with minimal

history of seismic activity and an alarm for the industry of geothermal energy

world-wide. The earthquake occurred approximately 3 months after a year and

a half of �uid injection into the subsurface of Pohang, an industrial city on the

eastern coast of South Korea, for the country's �rst ever stimulation of a geothermal

energy reservoir. The unexpected earthquake caused nearly 300 million dollars of

damages to nearby infrastructure, and litigation between the government and the

city's residents for compensation continues to this day. An even greater loss may

be the opportunity cost for the future of geothermal energy in Korea. In March of

2022, the Korean government demolished the geothermal power plant of Pohang.

A permanent asterisk now marks all existing and future plans for the expansion of

geothermal energy in the country (Figure 1.1).

The Pohang earthquake is only one notable example of an earthquake triggering the

immediate termination of an industrial operation which involved injection of �uid

underground (Ellsworth et al., 2019; Kim et al., 2018). A lack of clear understand-

ing and control of the maximum magnitude event that orders immediate suspension

of all operations (Häring et al., 2008; Schultz et al., 2020) hamper advancements

central to the world's transition to a greener economy such as geothermal energy

(Gaucher et al., 2015; Majer et al., 2007; Zang et al., 2014) and long-term geo-

logic carbon sequestration (Vilarrasa and Carrera, 2015; White and Foxall, 2016;

Zoback and Gorelick, 2012). At the same time, �uid injections o�er a relatively

repeatable and controllable environment to study the complex network of earth-

quake processes, and the collection of seismic and geodetic data accommodating

�uid injections has provided invaluable knowledge regarding earthquake physics. A

better understanding of injection-induced seismicity could therefore help interna-

tional e�orts in limiting or o�setting emissions of CO2 (Bertani, 2012; Tester et al.,

2006) and advance our understanding of devastating natural earthquakes that may

pose even greater threat to civil safety.

With respect to geothermal energy, the changing landscape of the global energy

sector poses further challenges. As solar and wind energy increases its capacity to
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