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Résumé

Une gestion optimale des réservoirs géothermiques requiert 1'étude de la précipitation des
minéraux et de leurs effets sur le comportement du systeme. En effet, la précipitation des minéraux,
plus précisément de la silice, entraine une diminution de la porosité de la roche et par conséquent
pourrait affecter la pression dans le systeme. Une recherche premiere confirme que la vitesse de
réduction de la porosité est le facteur déterminant une augmentation potentielle de la pression
dans le systeme. Quand la vitesse de réduction de la porosité est assez importante, le systeme
subit une augmentation de pression de sorte que I’écoulement de Darcy est inversé, transportant
ainsi la chaleur dans le sens inverse, expliquant ainsi une sous-performance de certains réservoirs
géothermiques.

En présence de fracture hydraulique, la diminution rapide de la porosité entraine d'une part une
diminution de la largeur de la fracture et d’autre part 1’absence de fuite de fluide de la fracture vers la
roche environnante. Cependant, une fois que le transfert de chaleur dans le sens inverse a lieu (dt a
l'augmentation de la pression en excés de celle hydrostatique), la largeur de la fracture recommence
a croitre. Le développement de la surpression dans le systéme et I'introduction des contraintes de
chaleur (en exces) diminuent les contraintes effectives, affaiblissant ainsi la roche et provoquant sa
rupture.

Une étude finale des zones de subductions prouve que les tremblements et glissements
épisodiques sont liés a la diminution de la porosité de la roche en présence de la précipitation de la
silice (en forme de Quartz). En effet, la vitesse de diminution de la porosité est le facteur contrdlant
I'augmentation de la pression et par conséquent une diminution des contraintes effectives et la
rupture éventuelle de la roche. Une fois que le glissement a lieu, la pression diminue et le processus

de précipitation de silica recommence. Ceci est un processus répétitif.

Mots-clés: Précipitation de silica, Diminution de la porosité, Réservoir géothermique, Fracture hydraulique,

COMSOL Multiphysics, Zone de subduction, Tremblements et glissements épisodiques, Quantification des
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Abstract

One fundamental aspect of geothermal reservoir management involves the study of mineral de-
position and its controlling factors. Silica, in its various forms, is one of the most studied minerals
and its deposition has been linked to porosity reduction and fluid flow impairment. In geothermal
systems, heat is exchanged between the porous rock and the fluid leading to shifts in the mechanical
behaviour of the rock. The mechanical behaviour of the reservoir rock is further unsettled by the
presence of silica (or other mineral) deposition and its resulting pore pressure buildup. In fact, pore
pressure may become in excess of hydrostatic thus decreasing the effective stresses and rendering
the reservoir rock unstable. This concerning issue is a source of disagreement within the scientific
community, where researchers differ in approaches to incorporate porosity reduction in the suite of
governing equations describing the geothermal system, and in some cases suggesting simplifications
by neglecting the porosity reduction problem. While the simplification may be true in some scenar-
ios, an increasing number of literature agrees on the importance of porosity reduction, its effects on
fracture instability, and its link to slow earthquakes or episodic tremors and slip in subduction zones.

Accordingly, the main purpose of this thesis is to reconcile the equations governing the behaviour
of the geothermal system with the porosity reduction and evaluate its influence. We introduce a key
concept of a time-dependent porosity reduction rate based on the variation of the concentration of
deposited silica in the system. That is, the evolution of pore pressure in the geothermal reservoir
becomes dependent on this introduced porosity reduction rate, thus affecting the advection term
and eventually the effective stresses. Furthermore, geothermal systems are constituted of solid and
fluid phases, and include inherent discontinuities, i.e. fractures, and the superposition of several
continua, each with its unique properties and constraints but interacting and interchanging fluid,
heat and minerals. This thesis extends the porosity reduction study to target fractured geothermal
reservoirs and explores its effects on fracture aperture evolution and their stability.

Silica deposition, a primarily temperature-dependent process, is also encountered in subduction

zones due to dehydration processes and fluid transport by the subducting slab and the corner flow
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of the mantle wedge. The study of tremor data in the Cascadia subduction zone shows that slip
events vary from large and infrequent to small and frequent with increasing depth. Measured ratios
of compressional (P)-wave to shear (S)-wave velocities are in the range of 1.6 and 2.0, decreasing with
increasing depth and are proportional to the episodic recurrence intervals. This observation indicates
the presence of quartz at greater depth. All evidence shows that porosity reduction via progressive
silica enrichment near the base of the forearc crust and upward mineralization of quartz veins en-
ables slow earthquakes at subduction zone forearcs, otherwise called episodic tremor and slip (ETS).
Episodic healing and permeability reduction of the silica-rich fault gauge elicit a reduction in tremor
recurrence time. At higher temperature, faster silica deposition occurs, leading to faster porosity re-
duction rates, and consequently faster fluid overpressure. Accordingly, the fault is subjected to lower
effective normal stress and hence shorter tremor recurrence times.

In this study, we present numerical simulations of fluid pressure, heat transfer and reactive
transport in a geometrically constrained fractured hydrothermal system undergoing time-dependent
porosity reduction. We use the finite element based commercial software COMSOL Multiphysics.
The simulations explore the effects of porosity reduction which occurs at the vicinity of the injection
well, where temperatures are low, on injectivity and fracture stability. The simulation also identifies
the controlling factors, such as the porosity reduction rate and the fracture initial aperture, the injec-
tion pressure and concentration of silica (as quartz) in excess of the equilibrium concentration. The
simulations further highlight the consequences of silica enrichment (porosity reduction) in subduc-
tion zones and the resulting heat and fluid flow dynamics. Although fluid in these high enthalpy
systems is saline, we opt for water as the modeling fluid.

Simulations results show that porosity reduction rate is the principal controlling factor of the
behavior and stability of the hydrothermal system undergoing mineral deposition. In fact, pore pres-
sure can become in excess of hydrostatic and lead to a reverse Darcy flow (in reverse of its presumable
direction) at the vicinity of the injection well, overtime decreasing the injectivity rate and producing
underperforming wells. Furthermore, excess pore pressure at the fracture boundary brings a de-
crease in the effective stresses and instability for a range of fracture inclination angles. Finally, fault
reactivation and ETS are not large scale events, rather events caused by local variations in porosity
and pore pressure. Furthermore, only a time-dependent porosity reduction rate at the subduction
zone controls the decrease in the effective stress and causes ETS. Nevertheless, the cycle of fault re-
activation then healing is incessant, and faster pore pressure development leads to lower changes in

effective stress and hence shorter recurrence times of episodic tremors and slip (ETS).
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Chapter 1

Introduction

1.1 Obijectives

Geothermal systems are regions of both economic and political importance that lessen our de-
pendency on fossil fuel. In these extremely hot systems, rock and fluid interact to transfer heat from
the subsurface porous rock to production wells which is ultimately converted into energy. The depth
and enthalpy/temperature levels of the system are some of the determining factors when it comes to
designing a geothermal application, thus distinguishing between shallow and deep geothermal en-
ergy. Both systems allow for heating, cooling and heat storage, except for electrical power generation
which requires higher thermal capacities, typically provided by deep geothermal reservoirs (1 MW to
>50 MW) in comparison to shallow geothermal reservoirs (<10 kW to <5 MW). Shallow reservoirs are
mainly used to heat individual buildings and have free cooling capacities, whereas deep geothermal
systems are used for industrial heating networks and provide forced cooling using adsorption and
absorption. Deep geothermal systems include high enthalpy reservoirs that are situated in volcanic
areas, where an active magmatic heat source is present (Wohletz and Heiken, 1992). These systems
are also known for being ore-forming systems (Heinrich et al., 2014; Henley and Ellis, 1983).

The heat stored in the subsurface rock depends on both the porosity (storage coefficient) and
the permeability distribution (hydraulic conductivity) and is available year round. Its extraction re-
quires working fluid that can either be naturally supplied by the system itself or artificially supplied
by injecting fluids into the earths surface. The difference in density between the cold downward
circulating working fluid and the hot geothermal water drives the fluid towards the earths surface
(Rybach and Muffler, 1981). This fluid flow process can lead to concomitant instabilities in the reser-
voir mainly along hydraulic fractures, faults and injection/extraction wells. A sustainable exploita-

tion of this energy requires careful planning and management from the reservoir characterization
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phase, to the drilling operations and the production phase. Boreholes provide insight into pressure-
temperature conditions and the fluid flow in the reservoir. Geothermal project developers rely on
geophysical reservoir characterization (fault zones, weak zones, etc.) before deciding whether to in-
vest millions of USD (5-50 Million) on drilling one exploration well (Lubawski and Marzantowicz,
2015); a cost that exponentially increases with increasing depth (Scott, 2017; Tester et al., 2006).

Furthermore, geothermal plants regularly encounter clogging and scaling problems which are
detrimental to long term injectivity and productivity of the geothermal system and its sustainable ex-
ploitation. Clogging problems are due to precipitation of minerals (i.e. calcite in limestone reservoirs,
quartz, dolomite, K-feldspar, amorphous silica, albite and illite) inside the wellbores and equipment,
and inside the reservoir itself. Under certain reservoir pressure and temperature conditions, miner-
als tend to either dissolve or precipitate in the porous reservoir rock, giving rise to thermo-hydro-
chemical (THC) processes. These processes also depend on the mineralogy of the reservoir and the
injection fluid characteristics (injection rate, temperature, pressure and concentration of minerals)
and overtime lead to either reservoir porosity/transmissivity reduction or increase (Walder and Nur,
1984; Ghassemi and Kumar, 2007; Pandey et al., 2014; Rawal and Ghassemi, 2014). Consequently,
geothermal development projects rely on mineralogy information to better assess the maintenance
cost of the wells and their projected production capacity.

Central to many of the studied minerals is silica, in its various forms. Precipitation and dis-
solution cycles of silica (as quartz or amorphous silica) have been the highlight of the geothermal
scientific community since the early 50s. Indeed, every cycle alters porosity and transmissivity thus
affecting injectivity and the performance of the production wells (Robinson and Pendergrass, 1989;
Rimstidt and Barnes, 1980; Horne, 1982), as seen at the Hatchobaru and Otake geothermal fields in
Japan which identified silica deposition as the most likely cause of lowered permeability near reinjec-
tion wells. Furthermore, altered permeability affects the pore pressure in the system and hence, the
effective stresses. By placing the mechanical aspect into the behavior of the geothermal system, one
is confronted by a fully coupled multiphysics problem, nearly impossible to solve using analytical
methods, and even more so to design experimentally. Therefore, scientists rely on numerical methods
to predict the behavior of the geothermal system, which becomes even more complex in the presence
of fractures. Rock-water complex interactions are modeled by coupling the chemical content of the
fluid with heat and fluid flow and ultimately the state of stress of the rock.

In addition, Audet and Biirgmann (2014) demonstrate possible control of subduction zone slow-

earthquake periodicity by silica enrichment. A slow earthquake recurs at regular intervals on the
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plate interface within the forearc of young and warm subduction zones, downdip of the locked
zone (Schwartz and Rokosky, 2007; Beroza and Ide, 2011). It is worth pointing out that Audet and
Biirgmann (2014) show a linear correlation between the observed forearc v, /v;s values in Northern
Cascadia and the average recurrence times of the slow earthquakes, which decrease with increas-
ing depth. A possible explanation is that the temperature-dependent silica deposition (enrichment)-
which prevails near the base of the forearc crust where temperature is high- is reducing the perme-
ability. Consequently, the system undergoes overpressure (pressure in excess of hydrostatic), which
lowers the effective normal stress in the high enthalpy system and therefore shortens the recurrence
times of the slow earthquakes. As a conclusion, progressive silica enrichment possibly control dila-
tancy and slow earthquake behavior (Audet and Biirgmann, 2014).

In spite of the extensive research that we will detail in paragraph 1.1, scientists contest incorpo-
rating porosity, hence permeability, reduction into this multiphysics modeling problem. While some
may agree that porosity reduction must be included in the pore pressure estimation process (Walder
and Nur, 1984; Canals and Meunier, 1995; Civan, 2001), the problem lies in the absence of a unique
method to calculate the porosity reduction rate and to incorporate it in the pore pressure diffusion
equation. Simplifying the mathematics of the problem may seem inconsequential, but the fact that
porosity /permeability is a time dependent variable affects the long term behavior of the geothermal
system, and must be considered in the numerical solution. Although this theory cannot be discerned
true or false without experimental literature, we rely on the well established equations and numerical
models at our disposal.

The purpose of this work is to qualitatively and quantitatively understand the important con-
tribution of porosity reduction in pore pressure development due to mineral deposition in fractured
geothermal reservoirs. Furthermore, we numerically investigate the relation between porosity reduc-
tion due to silica enrichment and slow earthquakes near subduction zones (Audet and Biirgmann,
2014). We examine the role of several controlling factors with a focus on injection fluid pressure, tem-
perature and chemical concentration, as well as the rock characteristics. Despite the many uncertain-
ties at work, we convey the importance of the subject in a series of papers in a geometrically-realistic
numerical conceptual setting with an attempt to model overpressure and the resulting effective nor-
mal stress in a subduction zone; a topic which is still not adequately addressed.

This chapter provides a brief literature review of previous modeling efforts in mineral dissolu-
tion/deposition problems that take place in geothermal systems, specifically silica deposition, and

the accompanying porosity, and hence permeability, reduction problem. We present case studies for
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porosity reduction in geothermal systems and subduction zones to visualize the important issue of
slow-earthquake periodicity by silica enrichment. Furthermore, we describe how porosity reduction
can be introduced into the system of partial differential equations (PDEs) that we solve using the
finite element based commercial software, COMSOL multiphysics. We briefly present its modeling
capacities, in particular with the equation based models, meshing options, stability and time step,

and precision of the numerical solution. Finally, we detail our Outline.

1.2 State of the art

Numerical modeling of temperature-driven dissolution/precipitation problems in geothermal
systems helps to determine the productivity potential of the reservoir. These problems alter reser-
voir initial porosity and permeability thus affecting the pore pressure, and consequently the effective
stress in the system. Simulation efforts can only be achieved based on assumptions of fluid and rock
properties that we incorporate in the set of partial differential equations describing the physics of the
system. These include, fluid and rock pressure and temperature, injection fluid pressure, tempera-
ture and concentration of minerals, equilibrium concentration, and the presence of fractures or other
discontinuities in the rock.

A coupled model for reactive transport of multiple chemical species in single phase hydrothermal
systems was presented by Steefel (1994) with kinetic precipitation/dissolution reactions. The pro-
posed numerical model couples between the multi component chemical reactions, multiple specie
reactive transport, hydrodynamic flow and heat transfer in 1D or 2D. Furthermore, the study ex-
amines the precipitation/dissolution reactions-induced porosity and permeability changes in a frac-
tured hydrothermal system. Their result shows that disequilibrium with respect to silica phases are
more pronounced at low temperatures and high permeability layers due to the flow velocity. This
disequilibrium also depends on fracture spacing in fractured reservoirs and flow rate and is more
favorable in widely spaced fractures. A rapid alteration of permeability can prevent the convec-
tion cell to attain hydrodynamic or thermal steady state. It is shown that permeability reduction
causes the plume to become increasingly diffuse due to the ascending fluids diverging around the
cemented zone. In contrast, permeability increases in regions where the temperature of the fluid is
high, which can result in instability and channeling of flow. Steefel (1994) point out that these results
do not depend on the boundary conditions (concentration of the mineral) but rather on the naturally

imposed thermal gradients of the hydrothermal system. Later, Steefel and Lichtner (1998) present
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a multi-component reactive transport in discrete fractures combining analytical solutions and nu-
merical modeling and establish a method to predict the mineralization along a fracture based on
field observations of wall rock alteration. They present a system of equations that best describes the
change in effective concentration of precipitated or dissolved minerals in both the matrix and the
fracture. Steefel and Lichtner (1998) use a scaling factor, independent from the mineral reaction ki-
netics to predict the distribution concentrations of mineral zones assuming prior knowledge of the
diffusion-controlled mineral zoning in the rock. In a series of publications, Ghassemi and Kumar
(2007); Ghassemi, Nygren, and Cheng (2008); Kumar and Ghassemi (2005) present solutions for frac-
ture aperture evolution due to silica deposition in fractured geothermal reservoirs by coupling fluid
flow with thermoelasticity and reactive transport. Some of the widely used softwares for coupled
modeling of subsurface multi phase, non-isothermal fluid flow, solute transport and chemical re-
actions, include TOUGHREACT (Xu, 1998) and PFLOTRAN (Hammond, Lichtner, and Mills, 2014).
Modeling complex multiphysics problems often requires simplifications and neglecting some aspects
of the problem, specially when one wishes to model in 3D.

An important aspect that is yet to be well established is the reservoir scale porosity and per-
meability reduction and more importantly how to incorporate it into the system of partial differen-
tial equations (PDEs) to help explain why some geothermal doublets become underperforming and
why we face low injectivity rates near reinjection wells. Walder and Nur (1984) introduce a poros-
ity rate change factor to study pore pressure development due to dissolution/deposition of solutes.
By combining this rate factor with mass conservation and Darcy’s law, they arrive to a diffusion-
type equation for pore pressure which increases when the reservoir undergoes porosity reduction.
This rate of porosity change is time dependent as it depends on the evolving concentration of dis-
solved/precipitated mineral (Canals and Meunier, 1995; Scott and Driesner, 2018). Walder and Nur
(1984) suggest that elevated pore pressure (above hydrostatic) due to porosity reduction processes
is local and leads to brittle failure and fracturing. By fracturing, one can anticipate a partial relief
in terms of pore pressure, but observations show that it does not eliminate pore pressure buildup.
Episodic fracturing, healing and sealing is common in much of the crust and affect the compressional
waves, as supported by laboratory studies.

A later study by Audet and Biirgmann (2014) finds a linear relation between the compres-
sional/shear waves data and the recurrence time of the episodic tremor and slip (ETS) in the
cascadia subduction zone, thus postulating that porosity/permeability reduction due to silica

enrichment possibly controls slow earthquake periodicity. Quartz-rich rocks are not abundantly
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available in lower continental crust and the presence of quartz enrichment is primarily due to the
precipitation of fluid dissolved silica derived from the progressive dehydration of the downgoing
slab. Note that silica enrichment depends on the subduction zone age, temperature and plate
interface depth. The availability of silica is further enhanced by complete serpentinization of the
mantle near the wedge corner. Miller et al. (2003) suggest that dehydration is controlled by the
presence of a free (drained) boundary and that pore pressure generated from dehydration or melting
reactions may cause hydrofracturing, thus influencing the porosity and permeability structure of
the dehydrating/melting zone. Peacock (2009) suggests that prograde metamorphic dehydration
reactions trigger or enable ETS within the subducting plate as seen in the Cascadia and southwest
Japan subduction zones, where tremors occur within the overlying forearc crust where temperatures

are lower.

1.3 Geothermal resources and mineral deposition case studies

The study of geochemistry is of great importance in order to insure optimal geothermal energy
utilization. For example, water chemistry allows project developers to determine underground tem-
peratures and boiling and mixing relations required in both exploration and production phases (Ry-
bach and Muffler, 1981). Browne (1978) classified the controlling factors of mineral composition in
active hydrothermal systems as follows: 1) temperature, 2) pressure, 3) rock type, 4) permeability,
5) fluid composition and 6) duration of activity. Nevertheless, the effect of rock type is temperature
dependent and becomes negligible above 280°C, at which a stable suite of minerals exist: albite, K-
feldspar, chlorite, Fe-epidote, calcite, quartz, illite, and pyrite. Furthermore, equilibrium between
rocks and reservoir fluids is rarely achieved in low permeability reservoirs, as opposed to high per-
meability reservoirs where water residence times are longer (months and years) at high temperatures
(above 200°C) (Rybach and Muffler, 1981). The silica geothermometer is the geochemical thermome-
ter of choice when estimating reservoir temperatures. First an empirical geothermometer was sug-
gested by Bodvarsson (1960) based on silica concentrations in natural thermal waters in Iceland (Ry-
bach and Mulffler, 1981), and was extended to a theoretical one based on the work of Morey, Fournier,
and Rowe (1962) who tested solubility of quartz in water at the vapor pressure of the solution and
Kennedy (1950) who specifically targeted higher temperature systems. It is worth mentioning that
studies show that silica concentrations are controlled by quartz solubility based on in geothermal

fluids from wells in new Zealand. Figure 1.1 depicts solubility of quartz and amorphous silica as a
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function of temperature valid for T = 0 — 250°C. The quartz geothermometer works best at tem-
peratures above 150°C and may be erroneous when neglecting some key factors, to name a few: 1)
temperature range (0-250 °C) 2) steam separation, 3) pH, 4) control of aqueous silica by solids other
than quartz, and 5) possible dilution of hot water with cold water before the thermal water reaches
the surface. Although the thesis does not cover these factors in detail, we briefly elaborate for com-
pleteness. To illustrate the effect of temperature and PH on quartz precipitation, we point out that
water reaches equilibrium with quartz in a few hours at 200 °C , in comparison to a few days at
250 °C, also depending on the initial level of super/under saturation and PH level (5-8 are favor-
able for faster reaction rates) (Rybach and Muffler, 1981). As fluid flows upwards and temperature
decreases, quartz precipitation is minimum and amorphous silica is most likely to precipitate. As
shown in Figure 1.1, amorphous silica precipitates much faster than quartz for similar temperatures,
i.e. a solubility of 115[mg/kg] is registered at 145 °C for quartz and at 25 °C for amorphous silica.
That is, water flowing upward from a reservoir at 145 °C will become supersaturated with respect to
amorphous silica at 25 °C. Note that Quartz is the most stable and least soluble polymorphic form
of silica under pressure/temperature conditions found in most geothermal systems and controls the
dissolved silica in temperatures above 150 °C. However, there is not scientific evidence that a pH
correction is necessary due to high silica concentration (Rybach and Muffler, 1981). The effect of pH
is most pronounced at about 175 °C, where a pH of 7.6 increased the solubility of quartz by 10%.
Silica scaling is a problem that hinders the machinery and productivity of geothermal wells. One
relevant example is that of the geothermal reservoir in Takinoue, where a power generation of 50
[MWe] was predicted using 11 production wells and 15 injection wells, officially in use since 1978.
They measured 500 [mg/kg] of precipitated silica in the separated hot water. Upon experiments,
they concluded that the precipitation of silica did not occur in the pipes carrying the hot water from
the well, rather from the hot water being exposed to the air. The solution to this problem, was hot
water reinjection directly through the pipes connected to the separator and thus avoiding contact
with air (Rybach and Muffler, 1981). However, silica deposition inside the reservoir and porosity
reduction has been suggested as a precursor for low injectivity and production at Hatchobaru and
Otake geothermal fields in Japan (Robinson and Pendergrass, 1989). Nevertheless, scientists are still
elaborating methods to design an experiment that would test any tenets of the theory of porosity

reduction in order to support or dismiss it.
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FIGURE 1.1: Concentration of dissolved silica (mg/kg) for quartz and amorphous silica
as a function of temperature (Rybach and Muffler, 1981).

1.4 Slow-earthquake periodicity by mineral deposition case studies

Seismicity in high enthalpy systems is fluid driven and is the consequence of a shift in porosity
and permeability (Miller et al., 2004, Miller, 2020). Fluids rising from dehydration and melting pro-
cesses play a crucial role in subduction zone seismicity (Miller et al., 2003; Peacock, 2009; Lee and
Kim, 2021). These generated large volumes of fluids introduce an increase in pore pressure and in-
duce hydrofractures, thus affecting the porosity /permeability dynamics of the system. Miller et al.
(2003) propose a fluid-pressure feedback model for dehydration processes to describe the evolution
of these transient networks and their influence on subduction zone seismicity. Quartz is likely to pre-
cipitate in the deep part of the hydrothermal system with temperatures above 250 °C as the solution
cools. Literature provides solid evidence that slow earthquakes are triggered by the deposition of
minerals in the mantle (Audet and Biirgmann, 2014; Peacock, 2009). As mentioned in paragraph 1.1,
it is no coincidence that tremors coincide with mineral deposition in supercritical geothermal sys-
tems at subduction zones, where silica enrichment and gold deposits take place. Model established

by Audet and Biirgmann (2014) suggests that the faster the permeability reduction, the faster the pore



1.5. Numerical modeling using COMSOL multiphysics 9

pressure buildup and the smaller the stress drop between slip events. This explains the decrease in
recurrence times of ETS with depth. Furthermore, recent studies continue to shed some light on the
role of water transport in the subducting zone. In a recent study, Lee, Seoung, and Cerpa (2021) high-
lights the importance of the corner flow in the deep mantle using a 2D numerical model. They run a
series of numerical experiments to quantitatively represent the effects of dehydration of the subduct-
ing slab and the mantle wedge using water solubilities of basalt and peridotite. The model provided
by Lee, Seoung, and Cerpa (2021) shows that most of the water in the oceanic crust is dehydrated by
a depth of 100 km and proves a negligible effects of the convergence rate and age of the subducting
slab on the dehydration of the subducting slab. Fluid flux and slab melting are bound to hydrous
minerals such as serpentine and chlorite, which are dragged by mantle corner flow to backarc depths
and transformed into low water-soluble hydrous minerals (Lee, Seoung, and Cerpa, 2021). Lee and
Kim (2021) suggests that deep nonvolcanic tremors in the forearc mantle result from continuous free

flow of fluid through the serpentinite layer toward the corner of the mantle wedge.

1.5 Numerical modeling using COMSOL multiphysics

Despite the list of available softwares (as mentioned previously), we opt for COMSOL multi-
physics to perform our simulations. COMSOL multiphysics is a finite elements based, top perfor-
mance software which allows its user a wide variety of physics, coupled or uncoupled with the
unique option of designing its own partial differential equations. The advantage of COMSOL multi-
physics in our case is the capacity to couple pressure, temperature and concentration variables with
the mechanical aspect of the problem. Furthermore, one can estimate the effective stresses to which
the boundaries are subjected to (in our case the fractures) and their displacement. Furthermore,
porosity is included as a time-dependent variable, the mesh adapts to the solution, the time step
stability is fixed. One can choose time dependent or steady state solution, the properties of the fluid

change by default with the changing temperature simulated by the software.

1.6 Outline of the thesis

A final comment on the structure of the thesis. Each chapter builds on the previous one and in-
troduces an additional key concept. This thesis is divided into three papers, investigating the effects

of porosity reduction due to mineral deposition in fractured geothermal systems. In the first paper
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we investigate the effects of porosity reduction rate on pore pressure development in a geothermal
system with a classic doublet system for heat extraction. In the second paper, we expand the first
paper to include hydraulic fracture and study the influence of the porosity reduction rate on fracture
aperture and system evolution. The third paper provides a simplified model of a subduction zone
subjected to porosity reduction due to silica enrichment and focuses on the change of effective stress
to establish a relation between the effective stress and failure slip potential of the fault. For complete-
ness, the appendix includes a paper on uncertainty quantification for a hydraulic fracture geometry,
in which we highlight the sensitivity of fractures to the elastic properties of the rock at initial times

and to the thermal properties of the geothermal system at later times.
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Chapter 2

A thermo-hydro-chemical model with
porosity reduction and enthalpy
production: Application to silica

precipitation in geothermal reservoirs

2.1 Abstract

This work investigates the influence of porosity reduction by silica precipitation on pore pressure
development, heat transfer and reactive flow in a geothermal system. Porosity reduction due to silica
precipitation can generate excess pore pressure, thus affecting the stability of the rock mass. In addi-
tion, porosity reduction increases the thermal diffusivity of the rock, affecting the thermal front, while
silica precipitation generates enthalpy. Consequently, the effective stresses associated with solute de-
position must be considered for accurate studies of rock failure. We use COMSOL multiphysics to
solve the governing equations and explore these complex and interacting processes. We investigate
a single-phase, reactive flow model coupled to hydrodynamic flow and heat transfer. Model results
show that porosity reduction rate depends on the initial porosity and can lead to overpressure in the
matrix, thus reversing the Darcy velocity. This would result in silica deposits on the walls of the well
and heat transfer from the reservoir to the well, thus accelerating the cooling front. Consequently, the
system observes a drastic decrease in the effective stresses and an increased likelihood of tensile fail-
ure of the rock. These results have important implications regarding the long-term thermo-hydraulic

properties of geothermal reservoirs.
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2.2 Introduction

Typically, geothermal energy is extracted by injecting a fluid into the reservoir, circulating it to
absorb stored heat and produce electricity at the surface. After heat extraction, the geothermal fluid
is re-injected into the reservoir, leading over time to silica rich fluid. Silica precipitation/scaling
often clogs the system, thus reducing efficiency and increasing operating costs. In this work, we
numerically investigate this problem of coupled fluid flow, heat transfer and reactive solute transport
to quantify silica precipitation problems arising during the lifespan of a geothermal power plant.

The abundant literature in thermo-hydro-chemical modeling contributes to our present under-
standing of coupled heat and fluid behavior in the presence of reactive transport. Walder and Nur
(1984) suggest that porosity, permeability, and pore pressure are time dependent and the increase
in pore pressure may cause brittle failure of the rock. However, this is a local and sluggish pro-
cess rather than a "large scale’ mechanism. Studies of intrusions (Scott and Driesner, 2018) propose
porosity reduction is proportional to the mass of precipitated silica (as quartz) and also that initial
porosity and permeability of host rocks determine timescale and extent of quartz precipitation. Ex-
perimental and modelling studies of precipitation of Gypsum and Quartz (Civan, 2001) lead to a
mathematical formulation for porosity reduction that matched empirical observations. Quartz ce-
mentation studies and its influence on the porosity of the rock (Canals and Meunier, 1995) estimates
the new porosity based on the mass conservation of silica during precipitation and the change in
the grain surface area. A separate line of research (Yu and Li, 2001; Costa, 2006; Xu and Yu, 2008)
estimates porosity-permeability variation assuming a fractal pore space. In addition, clogging of
the system via silica precipitation leads to porosity and permeability reduction, and the consequent
overpressure decreases the effective normal stress and can jeopardize well integrity. Reductions in
the effective normal stress also promote slip on incipient planes, leading to shear failure within the
rock mass (Miller and Nur, 2000; Collettini and Holdsworth, 2004; Miller, 2015). In cases where pore
pressure exceeds the minimum principal stress (plus the tensile strength), hydro-fractures occur that
propagate in the direction of the maximum principal stress. An important process recognized but
not typically considered (Steefel, DePaolo, and Lichtner, 2005; Pandey, Vishal, and Chaudhuri, 2018;
Scott and Driesner, 2018) is the contribution of enthalpy to the overall heat transfer and is included
in our model.

More complex subjects were investigated by Ghassemi and Kumar (2007); Kumar and Ghassemi

(2005) and Rawal and Ghassemi (2014) were they study the effects of silica dissolution/deposition
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and thermal stress on fracture aperture and reservoir behavior, using advanced numerical methods.
Their results exposes the influence of the initial fracture aperture on the solution Ghassemi and Ku-
mar, 2007, where they found that for lower initial values of fracture aperture, the fracture tends to
widen at the injection point due to the dominating thermoelastic effects and that the fracture tends
to widen at the extraction well due to the prevalent effects of silica dissolution. Further, Ghassemi
and Kumar (2007) show that for larger initial values of fracture width, the effects of silica depo-
sition/dissolution were minimal compared to the thermoelastic effects. Furthermore, Kumar and
Ghassemi (2005) apply a thermo-hydro-chemical (THC) numerical model for fluid, heat and reac-
tive transport in the fracture-matrix coupled system and compute the changes in fracture aperture
while considering silica dissolution and precipitation. Their sensitivity analysis displays the main
parameters controlling the fracture aperture evolution, mainly reservoir thermal conductivity, reser-
voir porosity and effective diffusion coefficient, velocity and initial fracture aperture. Advanced nu-
merical schemes such as finite element methods (FEM) and boundary element methods (BEM) were
proposed by Rawal and Ghassemi (2014) to analyze the three-dimensional numerical thermo-poro-
chemo-mechanical processes in the geothermal system. Results reveal the transient nature of the
effects of silica deposition and dissolution on fracture aperture, clearly showing that fracture width
is initially dominated by silica behavior and later becomes controlled by thermoelastic effects.
Although important work was presented in modeling coupled thermo-hydro-chemical processes,
in 2D and 3D with advanced numerical schemes, most ignore the porosity reduction source term,
which we include in our model. Here, we develop a fully coupled thermo-hydro-chemical (THC)
model that examines the coupled effects of porosity and enthalpy changes on the (simplified) me-
chanical response of the rock-matrix system and show that the behavior of fluid, heat and solute

transport is driven by the porosity reduction rate.

2.3 System and modeling approach

The numerical model consists of three main components: 1) a formulation for silica precipita-
tion and equilibrium concentration (solubility), 2) the governing equations for fluid flow, heat trans-
fer and reactive flow, solved using finite element methods, and 3) a model to estimate the time-

dependent changes in porosity ¢ of the matrix due to quartz precipitation.
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2.3.1 Conceptual model

Although amorphous silica deposits near the injection well, its transport is governed by quartz
solubility (Ghassemi and Kumar, 2007). For this reason, we assume that quartz is the main mineral
precipitating, and thus affecting the porosity - consequently the permeability of the reservoir. Fur-
thermore, the equilibrium concentration of silica, specifically quartz is exceptionally low (6-14 [mg
L~!]) (note that amorphous silica is (100-140 [mg L~']) (Rawal and Ghassemi, 2014), thus justifying
the assumption that the solubility is not affected by changes in pressure. We investigate pore space

alteration due to silica (as quartz) precipitation at the vicinity of an injection source

FIGURE 2.1: The conceptual model. Injection into a geothermal doublet system, where

precipitation of silica occurs at the injection well (pink region) because of the low tem-

peratures and high pressures (q;,, is the injection flow rate and q,, is the extraction flow
rate). The purple dashed box represents the studied region.

Figure 2.1 illustrates a typical geothermal doublet system, consisting of injection and extraction
wells. Silica deposition (in light pink) occurs when the concentration of solute in the injected fluid
exceeds the concentration of solute in the pore fluid. Quartz solubility is higher at the outlet (higher
temperatures) and silica deposits more at the inlet, where temperature decreases, and pressures are

high.
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2.3.2 Kinetics of silica deposition

Enhanced geothermal reservoirs typically target granite bedrock rich in quartz, and the reversible

silica precipitation-dissolution reaction is:

Si(OH)y(aq) <=2 SiOy(s) +2H,0 (2.1)

Equilibrium concentration represents the temperature-dependent solubility of quartz in the pore

fluid, and is given by (Rimstidt and Barnes, 1980; Robinson and Pendergrass, 1989):

Cop = 6 % 10% x 10(1:881-2.028x1073T~1560/T) (2.2)

where, C,, is the equilibrium silica concentration [ppm] and T is the initial temperature in the

matrix [K].

24 Governing equations

The model solves three coupled partial differential equations, one each for pore pressure, temper-

ature and concentration, each described in turn below.

2.4.1 Fluid flow in the reservoir matrix

Mass conservation of fluid in a porous media is the diffusion-type equation:

I _ koo
4)[55 = ﬁV p+¥ (2.3)
Where p is the excess pore pressure [Pa], k is the matrix permeability [m?], u is fluid viscosity [Pa
s] and B is the bulk compressibility modulus [Pa~!]. ¥ is the source term given by (Walder and Nur,
1984):
9¢
__% 24
¥=— (2.4)
Where Y is the porosity reduction factor [s 1], assumed positive when porosity is decreasing. Darcy
velocity (u) is:

k
= (vp- 25
u (W( p —psge) (2.5)
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Where p is the fluid density [kg m~3], g is gravity acceleration [m? s~'] and e is the unit vector [

], oriented in the vertical direction.

2.4.2 Solute transport in the matrix

Although amorphous silica is precipitating at the wellbore wall (Ghassemi and Kumar, 2007) the
precipitation of silica is controlled by quartz kinetics away from the well. Quartz has a low solubility
and hence one can neglect pressure effects on solubility. once precipitation occurs, depositin is rapid

Advection-diffusion of the solute mass is given by (Steefel, DePaolo, and Lichtner, 2005):

@ (gnCy)

s =V. (<memvc;") — V. ((pmuC]’-”) — :ZZVjsrs 2.6)

Where ¢, is matrix porosity [1], D,, is the effective solute diffusion coefficient in the rock matrix
[m? s~1], u is Darcy velocity vector [m s~1], C}" is the concentration of chemical specie j in the matrix
m [ppm], vjs is a stoichiometric reaction coefficient [1], and 7; is the reaction rate of mineral s [kg
m~3 s7!]. While ¥ # 0 and assuming linear reaction kinetics, (Eq. 2.6) is rewritten as (Steefel and

Lichtner, 1998, Kumar and Ghassemi, 2005, Ghassemi and Kumar, 2007):

251
ot

=V (puDuVC,) = V- (putiCp) = KnC,, (2.7)

Where K,, is the silica reaction rate [s~'], and C;n is the effective concentration of the chemical

specie in the matrix [ppm] and is given by:

/

C, =Cp—Cil (2.8)

m

Where C,/ is the equilibrium concentration [ppm] in the matrix (Eq.2).

2.4.3 Heat transport in the reservoir matrix

The complete form of conservation of energy is given by (Steefel, DePaolo, and Lichtner, 2005):
(1= 9u)Cy"0u + ¢uCyps| 5p = V- (AVT) = V. (p,ChguuT ) + }_ AHers (2.9)
s=1

Where AH; is the enthalpy of reaction [] kgfl], A is the thermal conductivity [W m 1 K1), Cpis

the specific heat [J kg~! K™!], p is the density [kg m 3], subscripts m and f are for matrix (rock) and
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fluid respectively, and r; is the volume-normalized quartz reaction rate [kg m3s71] given by (Scott

and Driesner, 2018):
SiO
o = . ok (210
At
Where Amfoigf is the mass of silica precipitated in the system [kg of SiO, per m? of fluid] (Scott
and Driesner, 2018):
5 =~ e

The equation of state for the fluid density is (Simpson, 2017):
o7 = po(1 - aT) 212)

Where « is the thermal expansion coefficient of the fluid [°C~1], T is the temperature of the fluid

[°C], and py is the pore fluid density at the reference temperature [kg m3].

2.5 Algorithm flowchart

Figure 2.2 shows the model flowchart (assuming incompressible and supersaturated fluid) of the

coupled governing equations for pressure, concentration and temperature.
1. Evaluate the porosity reduction rate ¥ and calculate the new permeability of the rock matrix.
2. Add the porosity reduction source term to the pressure diffusion equation and calculate p.
3. Derive Darcy velocities.

4. Couple conservation of solute mass with fluid flow and the transient porosity of the matrix to

calculate the effective silica concentration C;n.

5. Multiply the enthalpy of the reaction by the effective silica concentration, then introduce to the

conservation of energy equation.

6. Couple conservation of energy with fluid flow and the transient porosity to solve the Temper-

ature T.

Repeat the process for the next time step t+A t.
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FIGURE 2.2: Algorithm flowchart of the THC model at a given time step (see text for
details).

2.6 Numerical simulation

We use COMSOL multiphysics to solve the coupled partial differential equations (PDEs) describ-
ing the system, employing an explicit formulation of the finite element method and define the poros-
ity as a time-dependent variable. Note that the system is characterized by non-isothermal and single-

phase fluid flow.

TABLE 2.1: Rock properties for the THC model. Subscript m, matrix (rock). (a) (Rawal
and Ghassemi, 2014), (b) (Kumar and Ghassemi, 2005)

Initial porosity of the rock, ¢, 0.05-0.1%0)-0.2(@)
Reaction rate constant in the rock matrix, K, 106 s 1(0)
Initial matrix permeability, k, 10716 m?
Density of the rock, oy, 2600 kg m 3
Compiressibility of the rock, S, 1.107 10 Pa~!
Effective solute diffusion coefficient, D,, 510 m2s 1)
Heat capacity of the solid, C} 1000 kg ' Kt
Solid heat conductivity, A 26]m1K!

TABLE 2.2: Fluid properties for the THC model. Subscript f, fluid.

Injection fluid pressure, P; 10 MPa
Compressibility of the fluid, B¢ 5.1071% pa—!
Fluid heat capacity, C{; 4000 ] kg 1 K1

Thermal expansion coefficient of the fluid, « at 20°C 210.10 ¢ °C1!
Fluid density at reference temperature (at 20 °C), po 1000 kg m 3
Temperature of the injected fluid, Tj,; 40 °C

Tables 2.1 and 2.2 show the rock and fluid input properties. Table 2.3 shows the silica (as quartz)

kinetics related data which will enable us to calculate the effective concentration of silica from Eq. 2.7
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TABLE 2.3: Quartz related data chosen for the THC model. Subscript q, quartz; m,
matrix and s for mineral.

Equilibrium concentration of solute, Cy; 253 ppm
Concentration of silica in the supersaturated fluid, C;;; 1000 ppm
Density of quartz, p, 2700 kg m 3
Enthalpy of the reaction, AH; 0.9.10°J kg~!

and 2.8. The enthalpy of the reaction is taken from Manning in (Manning, 1994; Scott and Driesner,
2018).

2.7 Model geometry and setup

We develop a 1D model to study the multi-component reactive flow problem. We opt for the 1D
solution rather than an axisymmetric solution to save both modeling and computational resources
as our future goal is to study the effect of silica deposition and porosity reduction on a 1D fracture
aperture evolution. The geometry (Figure 2.3) shows a constant fluid pressure applied at the left
(x = 0) and no flow boundary conditions on the top and bottom boundaries. Because porosity
reduction is a local problem, we study the system for a short distance L=10 [m], and constrain a no

flow boundary condition on the right boundary (x = L).

FIGURE 2.3: Front view (Figure 1) model geometry showing a constant fluid injection
pressure Pj,; in the well and no flow boundary conditions at the top, bottom, and right.
Tinj and C;y,; describe the temperature, and silica concentration in the well, respectively.
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Although the injection temperature at the surface is 40[°C], the temperature at the studied depth

of 5[km] is calculated with the following expression (Satman et al., 2017; Jansen and Miller, 2017):

T(z) = Tours + az — 0A + (Tinj — Toyrp + aA) e/ 4A) (2.13)

FIGURE 2.4: Temperature in the well at 5[km] depth assuming a discharge rate of 40[kg
s 1]and an injection temperature of 40[°C]. The temperature in the well reaches 48[°C]
after 365 days of injection.

Assuming a silica rich fluid is injected into the reservoir from the surface with a temperature
Tinj- The injection temperature at the studied depth z is time-dependent as per (Kutun, Tureyen, and
Satman, 2014) and Figure 2.4 shows the results for time-dependent temperature at the injection well
for 1 year of injection. Where z is the depth downwards from the top of the well [m] , Ty, is the

surface temperature and Tj,; is the injection temperature, both in [°C], & is the geothermal gradient

[°C m~!], and A is defined as:

_Qesf(t)
4= (2.14)

Where Q is the mass flow rate [kg s~], Cfp [J kg=! °C~!] is the heat capacity of the fluid and A
[] m~! °C~1] is the thermal conductivity of the formation. The time-dependence is embedded in the

dimensionless time function f(t) [1] describing transient heat transfer, given as (Kutun, Tureyen, and
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Satman, 2014):
f(t) =In(1+17Vtp) (2.15)
Where fp is dimensionless time:
Kt
tp = % (2.16)

Where « is the thermal diffusivity of the formation [m? s7!] and ry [m] is the well radius. The
temperature profile depends on the thermal gradient, and fluid and well input properties given in
Table 2.4.

TABLE 2.4: Well and fluid input parameters to estimate the temperature at a depth of 5
[km] via Eq. 2.13

Temperature at the surface, T, 20 °C
Injection Temperature, Tj,; 40 °C
Geothermal gradient, 0.04 °Cm~!
Depth, z 5000 m
Discharge rate, Q 40kgs?
Specific heat capacity of the fluid, C¢ 3160 ] kg~ °C!
Mean thermal conductivity of the formation, A 2.6 m~!s~!°C~!
Radius of the well, r,, 0.1m
Mean thermal diffusivity of the formation, x 1.le-6 m?s~!

This step allows for a more accurate Temperature boundary condition at the inlet of the studied
region. Fluid circulates in the system and will later be extracted at the extraction end of this geother-

mal doublet.

2.8 Transient porosity and permeability in the matrix

We perform our study with two distinct porosity reduction models among a suite of published
porosity reduction models (Walder and Nur, 1984; Canals and Meunier, 1995; Koponen, Kataja, and
Timonen, 1997; Steefel and Lichtner, 1998; Civan, 2001; Steefel, DePaolo, and Lichtner, 2005; Scott
and Driesner, 2018). Note that the purpose here is not to study the reliability of the models, rather to

test how different porosity reduction rates can influence the response of the system.

Porosity reduction models

1. The first concentration-based model estimates porosity variations in the system as proportional

to the mass of precipitated quartz.The rate of porosity reduction in the medium is written as
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(Steefel, DePaolo, and Lichtner, 2005):

o
L =V 2.17

Where V,, is the molar volume of SiO, taken as 28.107® [m® mol~!] and R, is the volume-

normalized mineral reaction rate [mol m~2 s~!] given by (Scott and Driesner, 2018):

SiO
R, = ¢. At 10° (2.18)
At Mquurtz

Where Mg4¢- is the molar mass of 5iO; (0.06008 [kg mol~1]).

2. The second model we use is the analytical formulation based on precipitation in pore bod-
ies and pore throats in a representative elementary volume (REV) (Civan, 2001). Transport
processes depend on rock porosity and permeability, and both are affected by precipitation be-
cause of pore volume and pore surface area changes (Civan, 2001). This model estimates the
precipitation-induced porosity based on the initial porosity of the matrix, the lumped silica
precipitation rate coefficient kg [s~'], and a lumped parameter r [1] under saturation condi-
tions. The model compared well with empirical data measured on several cores of gypsum
and quartz. Assuming a constant saturation ratio (Cinj > Cp) and k¢:Km, porosity reduction is

written as: (Civan, 2001):

¢ = ¢y + kgt (2.19)
where r=0.81, k¢=10—6 [s71], ¢o is the reference porosity and t is time [s]. Note that r and k,
depend on the initial porosity in the system. The presented simplification is for numerical
purposes and to visualize the behavior of the system for a higher porosity reduction rate.

Permeability estimation

The permeability variation depends on the precipitation-induced porosity (Civan, 2001), and em-

pirically found as (Weir and White, 1996; Scott and Driesner, 2018):

1.58 0.46
k:ko{l— [1-(5)’2‘_?) ” (2.20)
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Where ¢ is the critical porosity defined as half of the initial porosity, ¢ is the initial porosity and
ko is the initial permeability [m?]. The stability of the solution requires that the transient porosity

does not go lower than the critical porosity.

2.9 Results and Discussions

We solve the coupled partial differential equations (PDEs) describing the system using COMSOL
multiphysics equation-based module. We introduce the porosity as a variable via model 1 for three
sets of initial porosities; 5%, 10% and 20% and via model 2 for two sets of initial porosities 5% and
10% (because we ignore values of r and ky for ¢=0.2). The simulation begins by comparing the
porosity reduction rates between the two suggested models (Eq.2.17 and Eq.2.20), shown in Figure
2.5. We choose a simulation length of 1 year because silica scaling removal is standard practice in the

field and therefore our boundary conditions of C;,; may not be further applicable.

FIGURE 2.5: Comparison between the two different porosity reduction models for three
different initial values of porosity: 5%, 10% and 20% (model 1) and two initial porosity:
5%, 10% (model 2).
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Figure 2.5 shows that, for either models, porosity reduction rate is faster for higher initial values
of porosity (¢,=0.1). However, model 2 estimates a significantly faster porosity reduction rate. Ac-
cording to model 1, porosity is reduced by half after 80 days of injection for an initial porosity of 20%,
and after 130 days of injection for an initial porosity of 10%, and after 250 days of injection for an
initial porosity of 5%. For a faster porosity reduction rate (model 2), porosity is reduced by half after
55 days of injection for an initial porosity of 10%, and after 90 days of injection for an initial porosity
of 5%. We present the results of each porosity reduction model to highlight the difference in porosity
reduction rates. Porosity reduction rate is the first predictor of a potential overpressure in the system
and hence lower injectivity. From Figure 2.5 we can confidently deduce that model 2 will present
higher overpressure (in excess of hydrostatic) than model 1 because of the higher porosity reduction

rate.

FIGURE 2.6: Comparison of the thermal diffusivity [m? s~1] between the two different
porosity reduction models for initial porosity 10%.

Next, we study the evolution of the thermal diffusivity because it is inversely proportional to the
decreasing porosity. The evolution of the thermal diffusivity may, among other factors, affect the
temperature evolution in the system. We show the common case for ¢,=0.1 for models 1 and 2. As

predicted, Figure 2.6 shows an increase in thermal diffusivity [m? s 1] in the system for both models
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(assuming initial porosity 10%). The effect is present but almost negligible with almost 4.6% increase

(for both models) from the initial diffusivity at time t= 0[d].

2.9.1 1D THC simulation near a silica-rich cooling injection source: model 1

We compare pressure, concentration and temperature results between two scenarios, one with
constant porosity and one with transient porosity (model 1), and each evaluated for initial porosity
5%, 10% and 20%. Because porosity and permeability are decreasing in the system, the source term
in Eq.2.3 increases and results in overpressure.

Figure 2.6[a] shows the fluid pressure diffusion in the system p at 1[m] from the source over 1
year of injection. Overpressure starts within the first 6 days after injection for all porosities, with
the earliest occuring for ¢,=0.05. Figure 2.6(a) also shows the maximum overpressure in the system
11.5[MPa] for ¢,=0.2 after 60 days of simulation, and 10.32[MPa] for ¢,=0.1 after 80 days of injection
and of 10.08[Mpa] for ¢,=0.05 after 100 days of injection. Then, the rate of overpressure steadily
decreases with time and is more detectable for the higher porosity reduction rate (initial porosity
20%). When porosity decreases due to silica deposition, the potential to accommodate deposited sil-
ica decreases. That is, the effective concentration of deposited silica decreases (Eq.2.7), as observed
in Figure 2.6[b]. Figure 2.6[b] shows that the effective silica concentration [ppm] at 1[m] from the
source is smaller for the transient porosity scenario (model 1). The difference in effective silica con-
centration depends on both the initial porosity and the porosity reduction rate, and is the highest for
the initial porosity of 5%. After 365 days of injection, the decreasing porosity reduces the effective
concentration of deposited silica by 32% for ¢,=0.2, 42% for ¢,=0.1 and by 48% for initial porosity of
$0=0.05. However, the effective concentration line graph reaches equilibrium faster for ¢,=0.2.

Figure 2.6[c] shows transient temperature is cooler for the transient porosity scenario (model 1),
with the largest difference occurring for ¢,=0.2 due to the higher porosity reduction rate. A possible
reason for this decrease in both the concentration and temperature rests in the overpressure: a reverse
Darcy flow takes place and fluid transports heat and silica from the matrix to the source boundary.
Note that the negative advection term is accounted for in our model. Finally for model 1, we show
simulated values of pressure [MPa], effective silica concentration [ppm] and temperature [°C] along
the distance L=10[m] (Figure 2.6) with the initial and boundary conditions (Figure 2.3).

Figure 2.6[a] shows the overpressure in the system 11.2[MPa] for ¢,=0.2 after 1 year of simulation,

and 10.2[MPa] for ¢,=0.1 and of 10.02[Mpa] for ¢,=0.05, calculated at the distance of 10[m].
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[c]

FIGURE 2.6: Comparison of [a] pressure [MPa], [b] effective silica concentration [ppm]

and [c] temperature [°C] between constant and transient porosity (model 1) scenarios,

each evaluated for two values of initial porosity 5%, 10% and 20%. The values occur at
1[m] from the source under 365 days of injection.

Although this change is slight, rocks in a critical state of stress could respond to such changes.
Effective silica concentration goes to 0 at 6.2[m] for ¢,=0.2 at 4.2[m] for ¢,=0.1 and at 3[m] for ¢,=0.05
(Figure 2.6[b]). Consequently, the porosity does not vary beyond this distance. Finally, Figure 2.6[c]
shows, although negligible, that the temperature calculated with transient porosity is slightly lower
than the one calculated assuming a constant porosity. In Figure 2.6[c], we can distinguish two zones.
The highest concentration occurs in the first zone, [0,2][m] and consequently, the highest change in
porosity, highest change in thermal diffusivity and highest effect of enthalpy, thus negating the effects
of overpressure. The largest difference in temperature lies in zone [2,10][m] because the dominant
effect is the increasing overpressure (Figure 2.6[a]). Finally, the difference in temperature is the high-
est for ¢,=0.2 and is negligible for ¢,=0.05 because of the absence of significant overpressure (Figure

2.6[a]).
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[b]
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[c]

FIGURE 2.6: Comparison of [a] pressure [MPa], [b] effective silica concentration [ppm]

and [c] temperature [°C] between two scenarios, one with constant porosity and one

with transient porosity (model 1), and each evaluated for initial porosity 5%, 10% and

20%. Results are shown along a 10[m] distance and at t=365 days of simulation with the
model setup portrayed in Figure 2.3.

2.9.2 1D THC simulation near a silica-rich cooling injection source: model 2

Similar to model 1, we compare pressure, concentration and temperature results between two
scenarios, one with constant porosity and one with transient porosity, and each evaluated for initial
porosity values of 5% and 10%.

We constrain porosity reduction for [0,3][m] because silica deposition is most pronounced in this
region from the source. The overpressure is detectable (Figure 2.6[a]) at 1[m] from the source, where
pore pressure reaches a maximum 18[MPa] for ¢,=0.1 after 60 days of injection, and 11.5[MPa] for
$0,=0.05 after 90 days of injection. Then, the overpressure steadily declines to reach 11.2[MPa] for
$0=0.1 and 10.03[MPa] for ¢,=0.05 after 1 year of injection.

As explained in model 1, porosity decrease reflects less space to accommodate the deposited sil-
ica. Furthermore, the overpressure means fluid will flow from the reservoir to the matrix, hence

transporting silica that ends up clogging the walls of the well. Figure 2.6[b] shows that the effective
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[c]

FIGURE 2.6: Comparison of [a] pressure [MPa], [b] effective silica concentration [ppm]

and [c] temperature [°C] between constant and transient porosity (model 2) scenarios,

each evaluated for two values of initial porosity 5% and 10%. The pressure values are
reached at 1 [m] from the source over 365 days of injection.

silica concentration reaches a minimum after 70 days for ¢,=0.1 and after 90 days for ¢,=0.05, mea-
sured at 1[m] from the well. Then, this concentration starts to increase again because of the reverse
Darcy flow: silica is transported from the reservoir to closer to the well. Nevertheless, the transient
porosity reduces the concentration of deposited silica by 45% for ¢,=0.1 and by 55% for ¢,=0.05 after
1 year of injection.

In addition, the calculated temperature is lower for the case of transient porosity, which is more
noticeable for ¢,=0.1 with a decrease of 21% after 1 year. This, however, on closer inspection near the
boundary, Figure [c] shows a temperature decrease by almost 43% for ¢,=0.1 and 21% for ¢,=0.05 at
the boundary x=10 [m].

The reason for this is the significant overpressure at x=10 [m] as shown in Figure 2.6[a]. The rate
of overpressure development depends significantly on the rate of porosity reduction. In this case, the
abrupt drop in porosity instigates this surge in pore pressure. Consequently, a reverse Darcy velocity
develops (Figures 2.6[b-c]) in the system and fluid transports heat and silica from the reservoir to the

boundary of the well, thus causing both temperature and concentration to decrease. A noticeable
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[a]

[b]

drop in temperature does not occur in the first 2[m] because silica deposits heavily in that zone, thus

the effects of enthalpy and thermal diffusivity changes the effects of the smaller overpressure. Figure
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[c]

FIGURE 2.6: Comparison of [a] fluid pressure [MPa] [b] effective silica concentration

[ppm] and [c] Temperature [C] between two scenarios, one with constant porosity and

one with transient porosity (model 2), and each evaluated for initial porosity 5% and

10%. Results are shown along a 10[m] distance and at t=365 days of simulation with the
model setup portrayed in Figure 2.3.

10b also shows that the effective silica concentration is lower for the case of ¢,=0.1 because of the
combined effects of abrupt porosity reduction and overpressure. Therefore, one must account for the
substantial overpressure due to rapid porosity reduction rate and the consequent accelerated cooling
front when investigating effective stresses. Model 2 represents an end-member case, where pore
pressure peaks to 17[MPa] (Figure 2.6[a]) at the location x=10[m] because of the rapid obstruction of

porosity and permeability (Figure 2.5).

2.9.3 Implications of porosity reduction on the effective stresses

In this section, we apply the fully coupled THC model with transient porosity (via model 2) on
a vertical injection well surrounded by an isotropic porous medium (Figure 2.7). We investigate the
effects of porosity evolution due to quartz precipitation on the effective stresses and radial displace-

ment in the vicinity of the injection well (Figure 2.7). Figures 2.8[a-b] show the radial fluid velocity



Chapter 2. A thermo-hydro-chemical model with porosity reduction and enthalpy production:
34
Application to silica precipitation in geothermal reservoirs

and energy flux, respectively. Arrow direction confirms that part of the flow and heat transport de-
velops from the reservoir to the well while another part flows towards the boundary.
The radial and tangential effective stresses in cylindrical coordinates with reference pressure of

zero can be written as: (Zoback, 2010):

1 R2 1 RZ R4
Orr = 5 (SHmax + Shmin) 1- 2 +5 (SHmax - Shmin) 1- 47 + 37
2 r 2 r r
R (2.21)
cos(20) + <Pi"jrz> —aPy, — BAT
1 R\ 1 R*
Opop = 5 (SHmax + Shmin) (1 + 2) — 5 (SHmax = Snmin) (1 + 34) cos(26)
r 2 r (2.22)

RZ

FIGURE 2.7: Top view (Figure 2.1) of the vertical injection well surrounded by isotropic

porous medium in 2D. Because of the symmetry, we limit our study to the highlighted

quadrant (yellow dashed box). Boundary at x= 40 [m] has a fix constrain of p=0 [MPa]

and T=Ty[°C]. R is the radius, and r is the distance from the center of the well located
at [0,0].

Where Sgjax is the maximum horizontal stress [MPa], Sy, is the minimum horizontal stress
[MPa], R is the radius of the well [m], r is the radial distance from the center of well located at [0,0]
[m], 6 is the angle measured from the azimuth of Sgyy.y, & is Biot’s coefficient assumed 1 [1], Ap is the
change in pore pressure [MPa], f; is the thermal parameter that depends on the thermal expansion

of the rock and its compressibility assumed 1.45¢° [Pa K~!], and AT is the change in temperature
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[a]

[b]

FIGURE 2.8: [a] Fluid velocity [b] Energy flux around the well with its center located

at [0,0]. The arrows show the direction of the heat velocity and the energy flux and

confirm that part of the fluid and heat are transported from the reservoir to the well and
the other part flows towards the boundary.

[°C]. For simplification, we study a 1D geometry at angle 6 =0 (horizontal line) in a hydrostatic
state of stress (SHmax=Snmin) assumed 30[MPa], and we compare scenarios of constant porosity and
of transient porosity (model 2) with an initial porosity ¢,=0.1 and the injection pressure P, is given
as 10 [MPa].

Figure 2.9 shows radial and tangential stresses (with initial porosity of ¢,=0.1) for three different

scenarios subjected to 30 days of injection; 1) the elastic case that is the Kirsch solution, 2) an effective
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[a]

[b]

FIGURE 2.9: [a] Radial stress and [b] Tangential stress in the hydrostatic system
(SHmax=Snmin) assumed 30 [MPa] at the angle § = 0 after 30 days of injection. Each
plot compares three scenarios: 1) the elastic case that is the Kirsch solution, 2) an ef-
fective stress case that assumes a constant porosity, and 3) an effective stress case that
assumes the transient porosity reduction Model 2, with initial porosity ¢,=0.1.



2.10. Conclusions 37

stress case that assumes a constant porosity, and 3) an effective stress case that assumes the transient
porosity reduction Model 2. Figure 2.9[a] show that the transient porosity decreases the stresses
by almost 36[MPa] after 30 days of injection. In addition, the tensile strength of silicate rocks is on
the order of [10-12][MPa], and Figure 2.9[b] shows that the tangential stresses approaches this value
after 30 days of injection at 18[m] from the well. Therefore, an abrupt drop in porosity increases the
likelihood of tensile failure. For both the radial and tangential stresses, the calculated stress goes to
SHmax, where A p and A T are zero.

In this plane strain problem the poroelastic radial displacements u, are (Jaeger, Cook, and Zim-
merman, 2009, Zoback, 2010):

o (1a(ru,)\  1—2v oPs oT
ar(r o >_(1—u)2G <"‘ar+55ar> (2.23)

Where u, is the displacement [mm], v is Poisson’s ratio taken as 0.219[1] and G is the taken as
27500[MPa].
For the elastic hydrostatic in-situ stress case, Eq. 2.24 is rendered to zero. The displacement can

be re-written, in the presence of mud weight P;,;, as follows (compression positive):

2

R R?
2Gu, = o <(1 — 21/) + 2> r— Pinjf (2.24)
r r

Figure 2.10 shows the radial displacement (with initial porosity of 0.1.) for three different scenarios
subjected to 30 days of injection; 1) the elastic case that is the Kirsch solution, 2) an effective stress case
that assumes a constant porosity, and 3) an effective stress case that assumes the transient porosity
reduction Model 2. It is clear that a significant porosity reduction may generate a tensile displacement
larger than the constant porosity scenario by as much as 10[mm].

This simplified study encourages further investigation of the effects of a sudden and significant
drop in porosity due to silica precipitation on the mechanical response of the reservoir. Undoubtedly,
porosity reduction must be considered for a more secure design and improved reservoir manage-

ment.

2.10 Conclusions

Although this work is theoretical, it relies on well-documented models for porosity evolution and

on the well-established governing equations for fluid, heat and reactive transport. Porosity reduction
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FIGURE 2.10: Comparison of radial displacement 30 days after injection between three

scenarios: 1) the elastic case that is the Kirsch solution, 2) an effective stress case that

assumes a constant porosity, and 3) an effective stress case that assumes the transient

porosity reduction Model 2. Compression positive. Tensile displacement is almost
10[mm] larger when accounting for transient porosity.

introduces a source term to the pore pressure equation, which most models opt to neglect for the sake
of simplification. Here, we calculate the fluid pressure, temperature and concentration components
coupled with the transient porosity and the enthalpy using finite elements methods. Both porosity
reduction models show a significant decrease in porosity but regardless of the model used to estimate
the porosity reduction, the response of the system ultimately depends on the rate of porosity reduc-
tion. The faster the rate, the more abrupt is the effect on the system, as it cannot handle to sudden
surge in pore pressure. In contrast, when the porosity reduction is slower, the system is continuously
adapting to this steady increment in pore pressure and the effects are less compelling.

We ran two main numerical experiments, one for a moderate porosity reduction rate and one for
a faster porosity reduction rate and results include: 1) the decrease in porosity is faster for higher
initial porosity in the system, and 2) the pore pressure in the rock may exceed the pressure in the

well/source, resulting in a reverse Darcy flow. Consequently, fluid transports temperature and silica
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from the reservoir to the source, thus accelerating the cooling front and clogging the wellbore walls.
This may explain why some geothermal doublets suffer a decrease in injectivity and consequently
underperform.

Furthermore, transient silica concentration is primarily governed by the porosity reduction rate.
A comparison with a model that assumes a constant porosity shows that the system can accom-
modate less silica with time, thus the decrease in effective silica concentration. Since enthalpy is
multiplicative with concentration, the effect of enthalpy is only present in the first meters from the
well, because there lies the highest concentration of silica. Finally, we showed that the tensile failure
is driven by two main mechanisms, namely the decrease in porosity and the observed reversed flow.
The increase in pore pressure and thermal stresses results in a range of effective stresses that causes
tensile failure and jeopardizes the integrity of the well.

In addition, the estimated dynamic porosity (and thus permeability) may be of interest to the
geothermal industry because it may help quantify the thickness of clogging induced by heat extrac-
tion. Finally, we show that the effective stresses with silica deposition should be considered in reser-
voir management and productivity. The interesting results of the presented numerical experiments
encourage more work in a laboratory setting to establish a relation between porosity reduction rate,
and fluid and heat behavior. We will expand on this study in future work to include other mineral

depositions such as calcite.
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Chapter 3

Incorporating porosity reduction as a
source term in the coupled
thermo-hydro-chemical analysis:
Application to silica deposition in

fractured geothermal reservoirs

3.1 Abstract

Porosity reduction due to silica deposition produces elevated pore pressures in fractured geother-
mal systems, resulting in a reversed Darcy flow that disturbs the pressure and temperature front and
ultimately, the effective stresses. A decrease in effective stress renders fractures unstable and jeopar-
dizes the integrity of the enhanced geothermal system. In this paper, we present a numerical model
that couples the thermo-hydro-chemical processes in a fractured geothermal reservoir subjected to
porosity reduction and fracture aperture evolution due to silica deposition. The 2D model includes
the pore pressure in excess of hydrostatic as a source term and accounts for non-isothermal fluid flow,
advection, and considers the linear kinetics of quartz dissolution/ precipitation, all of which is mod-
eled using COMSOL Multiphysics. The model highlights the important role of porosity reduction on
matrix/fracture permeability evolution and explains why some geothermal reservoirs have under-
preforming doublets and/or restricted flow. Results show that the decrease in porosity induces a
pore pressure in excess of hydrostatic, forcing Darcy flow to reverse direction and causing supple-

mentary thermoelastic effects on fracture aperture. A larger porosity reduction rate results in larger
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thermoelastic effects and thus larger fracture apertures. A lower initial fracture aperture increases
the excess pore pressure and contributes to larger thermoelastic effects. Finally, the conjugation of

the overpressure and the faster cooling front induces fracture instability.

3.2 Introduction

Geothermal energy production is a promising renewable energy source that consists of injecting
a fluid into the reservoir and allowing it to circulate through natural or artificial fractures, leading to
complex rock-fluid interaction. That is, an exchange of heat between the fluid and the rock alters the
state of stress in the reservoir and eventually controls the evolution of fracture apertures. However, a
large percentage of geothermal reservoir rocks are composed of granite and contain crystalline rocks,
in particular quartz, thus increasing the complexity of the problem. Quartz can exhibit different
behaviors depending on pressure and temperature conditions, making it difficult to predict the re-
sponse of the hot rock. Quartz tends to precipitate as amorphous silica near the injection well, where
pressure is high and temperature is low, and tends to dissolve at the extraction well, where pressure
is lower and temperature is higher. However, inside the fracture, silica deposition is controlled by
quartz solubility (Rawal and Ghassemi, 2014) and not amorphous silica. Silica deposition in geother-
mal reservoirs leads to clogging of the pores and the fractures, resulting over time in restricted flow
and under-performing doublets. In this paper, we expand the study to simulate (using the COM-
SOL multiphysics platform) the pressure, temperature and concentration in a fractured geothermal
reservoir under different settings, while accounting for the effects of porosity reduction and fracture
aperture evolution. The abundant research in the topic contributes to our present understanding
of coupled heat and fluid behavior and their effects on the evolution of the fracture width, and the
long term productivity of the system. To cite a few, we begin with (Ghassemi, Nygren, and Cheng,
2008) who studied fracture aperture evolution due to cold-water injection in enhanced geothermal
reservoirs using numerical models, and derived analytical solutions for special cases of injection rate
and leak-off. Their results show that poroelasticity causes the fracture width to decrease, specifically
at the injection point (where pressure is high) and becomes minimal near the extraction point, and
that rock stiffness and fluid diffusivity control the transient behavior of fracture evolution. Results
also display the dominant effects of thermoelasticity in the presence of temperature gradient, caus-
ing fracture aperture to increase and consequently pressure to drop in the reservoir. Furthermore,

Abousleiman, Hoang, and Liu (2014) studied a one-dimensional porothermoelastic problem based
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on the consolidation theory and derived analytical solutions for fracture aperture evolution with an
application to shale reservoirs, concluding that one can obtain a 70% larger fracture width in the
presence of a significant thermal gradient at the fracture-rock interface. This would not be the case in
the absence of a thermal gradient, where the fracture starts to close shortly after pumping. In a recent
publication, Gisler (2021) studied the effects of spatial variability of rock/fluid properties and per-
formed an uncertainty quantification for a hydraulic fracture geometry in the presence of tempera-
ture gradient using Monte-Carlo simulations. The properties are ranked by order of influence as such:
Young’'s Modulus, thermal expansion coefficient of the rock, thermal conductivity, and mobility ratio
(k/p). Results also reveal the transient nature of the sensitivity ranking, clearly showing that fracture
width is initially controlled by the elastic Young’s modulus, and as fluid pressure and temperature
propagate inside the formation, fracture width depends predominantly on the thermal expansion
coefficient of the rock. On an experimental level, tracer tests were conducted by Kittild et al. (2020) to
study the behavior of fracture width under different temperatures of injected fluid by measuring the
loss of fluid at the outlet. Experimental results prove a loss of fluid when injecting hotter fluids be-
cause the rock expands, thus decreasing the fracture width. Fracture width evolution is also studied
by Lima et al. (2019), who model the thermally induced fracture aperture evolution with application
to natural fractures in granite rocks. Furthermore, Jansen and Miller (2017) studied the role of ther-
mal stresses on fracture aperture and shear failure and performed a simplified sensitivity analysis to
understand the influence of initial fracture/matrix permeability and fracture orientation on thermal
stress, and failure potential. Their results encourage introducing the transient thermoelastic stress
in the long-term fluid injection models. From a computational standpoint, Galvan and Miller (2013)
shows the potential of GPU powered models to better simulate coupled thermo-hydro-mechanical
processes and improve calculation times. Laboratory tests performed by Yanaze et al. (2019) mea-
sure fluid flow rate from columns with circulating raw brine from the Geothermal power plant at
Sumikawa, Japan. Their results show impressive decreases of fluid flow rates by 25% after 10 days
of injection as a result of geochemical clogging of the pores due to deposited silica (aluminum and
amorphous scales). They propose PH reduction of the brine to reduce the extent of permeability re-
duction. The unfortunate fact that silica deposition is a production problem has led to the subsequent
research in the area, to cite a few (Steefel and Lichtner, 1998; Ghassemi and Kumar, 2007; Kumar and
Ghassemi, 2005; Robinson and Pendergrass, 1989; Steefel, DePaolo, and Lichtner, 2005; Pandey and
Chaudhuri, 2017; Pandey et al., 2014; Pandey et al., 2015; Rawal and Ghassemi, 2014). The system is
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therefore subjected to coupled thermo-hydro-chemical-mechanical processes, making it more diffi-
cult to accurately model or predict the performance of the geothermal reservoir. Fracture width and
porosity reduction can dramatically decrease the injectivity of the well and in Ghassemi and Kumar
(2007), the authors study the changes in fluid pressure and in fracture aperture due to the combined
thermoelastic effects and silica deposition using linear reaction kinetics. Their results show that for
narrower fracture width, the increase in aperture and drop in pressure at the inlet are mostly due
to thermoelastic effects, while the increase in width at the production point is primarily due to silica
dissolution. However, for wider initial fracture width, the effects of silica deposition are minimal and
thermoelastic effects prevail causing an increase in fracture width. A numerical model developed by
Kumar and Ghassemi (2005) studies the non-isothermal quartz dissolution/precipitation in a frac-
tured geothermal reservoir, which includes solute dispersion and thermal conduction-dispersion.
They perform a sensitivity analysis proving the important roles played by reservoir thermal conduc-
tivity, reservoir porosity, reservoir effective diffusion coefficient, water velocity in the fracture, and
the initial fracture aperture. In Rawal and Ghassemi (2014), the authors present a 3D coupled poro-
thermo-chemo-mechanical model to study the effects of injection and production on fracture perme-
ability. The proposed numerical model uses the Boundary Element Method (BEM) to simulate the
mechanical response and the finite element method (FEM) to study fluid, heat and solute transport in
the fractured reservoir. Their numerical example studies the response of the system subjected to sil-
ica deposition and dissolution and finds that when the injected fluid is undersaturated with respect
to silica, dissolution occurs and spreads within the fracture. Further, results show that thermoelastic
effects dominate the poroelastic ones at larger times and highlight the importance of fracture stiff-
ness heterogeneity on flow path and silica reactivity. The poro-thermoelastic effects, which cause the
fracture width to increase, diminish in the presence of higher joint normal stiffness and higher aper-
ture expansion due to silica dissolution. A numerical thermo-hydro-chemical model is proposed by
Pandey et al. (2015), in which they present simulation for silicic reservoirs for long term injectivity
(20 years). Their results show the importance of the temperature dependent reaction rate and how
supersaturated fluids cause precipitation to occur in bands and therefore confining flow into smaller
areas. In contrast, silica dissolution causes fracture permeability to increase far from the injection
well, thus creating longer flow paths and insuring longer and better geothermal productivity. A 3D
thermo-hydrodynamic model with reactive flow that accounts for porosity and permeability evolu-
tion, powered by GPU clusters, is introduced by Sohrabi, Omlin, and Miller (2019). The suggested

computational method highly improves the resolution of modeled coupled transient heat, fluid and
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reactive transport processes, in a 3D computational domain.

Although there exists an extensive literature in the topic of coupled thermo-hydro-chemical pro-
cesses (THC) within complex settings, most neglect the porosity reduction source term in the pore
pressure diffusion equation, which in our view must be considered (Walder and Nur, 1984). A recent
publication by Gisler and Miller (2021) shows the importance of the porosity reduction source term
and its consequences on the effective radial and tangential stresses around a well. When the effec-
tive stress exceeds the minimum horizontal stress, cracks appear, thus jeopardising the integrity of
both the well and the reservoir. In this paper, we run a suite of numerical experiments and perform
a sensitivity analysis to determine how the solution behaves for different porosity reduction rates
and initial fracture apertures. We also conclude with simplified study of failure potential using the
Mohr-Coulomb criterion. For brevity, we refer to our code as SPARROW, which is an acronym for,
Simulator for Porosity reduction and fracture Aperture evolution in a geothermal Reservoir with
Reactive fIOW. Our model is based on well- established governing equations and well documented
studies of the effects of porosity reduction due to mineral precipitation, notably silica (as quartz).
This proposed model can be adapted to any mineral(s) while considering its kinetics under different
pressure and temperature conditions.

Results reveal the important influence of the porosity reduction rate, and the subsequent over-
pressure, on the thermoelastic fracture aperture evolution and the stability of the matrix/fracture

system in a geothermal reservoir.

3.3 Materials and methods

3.3.1 Conceptual model

We study the influence of porosity reduction on the behavior and stability of a fractured geother-
mal system. Figure 3.1 illustrates a simplified fractured geothermal reservoir model with an injection
well and a main fracture surrounded (at the top and bottom) by low-permeability rock layers. The in-
jection pressure, temperature and concentration (of silica) are assumed constant and the rock matrix
is subjected to porosity reduction due to mineral precipitation, whereas fracture aperture evolution

is governed by the combined effects of temperature loss and silica deposition.
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FIGURE 3.1: Simplified representation of silica deposition (as quartz) in a well-matrix-

fracture geothermal system. Pj,;, T;,j, and C;,; are the injection pressure, temperature

and concentration, respectively. Leakoff and advection inside the system are considered

in addition to porosity reduction. The fracture is surrounded (top and bottom) by low

permeability rock layers. Zooming into the matrix shows our simplified assumption

of precipitation occurring inside the matrix. Other minerals precipitate in geothermal
systems, such as Calcite and Illite but are not covered in this paper.

3.3.2 Kinetics of silica deposition

Enhanced geothermal reservoirs typically target granite bedrock rich in quartz, and the reversible

silica precipitation-dissolution reaction is:

H4Si04(,q) <=> SiO2 () +2H20 (3-1)

Although amorphous silica precipitates near the injection well, silica deposition inside the frac-
ture is controlled by quartz solubility (Rawal and Ghassemi, 2014). Therefore, more porosity and
fracture aperture reduction is to be expected because quartz solubility is extremely low (6-14[mg/L]),
in comparison to that of amorphous silica (100-140[mg/L]) (Yariv and Cross, 1979; Rawal and Ghas-
semi, 2014) at 20°C. Furthermore, the low solubility of silica (as quartz) justifies the assumption that
solubility is independent from the pressure in the system. Equilibrium concentration represents the

temperature-dependent solubility of quartz in the pore fluid, and is given by (Rimstidt and Barnes,
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1980); (Robinson and Pendergrass, 1989):
C. — 6 x 10 x 10(1.881—2.028><10*3T—1560/T) (3.2)
eq -

where, C,; is the equilibrium silica concentration [ppm] and T is the initial temperature in the matrix

[K].

3.3.3 Governing equations
Flow in the matrix

Assuming a single-phase fluid, mass conservation in a porous media is:

Wpm _ km o
rm. _ tm L4 .
Py = VP + (33)
Where p,, is the excess pore pressure in the matrix [Pa], k;, is the matrix permeability [m?], u is
fluid viscosity [Pa s], ¢, is the porosity of the matrix [1], B is the bulk compressibility modulus [Pa~!]

and the subscript m is for matrix. ¥ is the source term given by (Walder and Nur, 1984):

_ 9w
Y= (3.4)

Where Y is the porosity reduction factor [s~!], assumed positive when porosity is decreasing.

Darcy velocity (u) in the matrix, neglecting the gravity term, is:

ki
u=-——V 3.5
Pl Pm (3.5)

Flow in the fracture

The fracture is considered as a more permeable zone within the low permeability matrix with
a constant local porosity of one. The rate of fracture porosity reduction due to silica deposition is
insignificant in comparison to that of the low permeability matrix, and is therefore neglected in the
pore pressure diffusion calculation via (Eq.3.6). Only fracture aperture is assume to evolve in the

system due to the combined effects of silica deposition and thermal gradient. Therefore, pressure in
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the fracture can be calculated using Eq.(3.2) with a null source term:

oy ks »

Where py is the excess pore pressure in the fracture [Pa], y is fluid viscosity [Pa s] and B is the

bulk compressibility modulus [Pa']. kf is the fracture permeability [m?], formulated as:
kr=b*/12 (3.7)
where b is the fracture width [m].

Solute transport in the matrix

Advection-diffusion of the solute mass is given by (Steefel, DePaolo, and Lichtner, 2005):

2 ()

=V (quDmVC]m) v (quuc;") _ izl Viers (3.8)

Where ¢, is matrix porosity [1], D;, is the effective solute diffusion coefficient in the rock matrix

[m? s~ 1], uis Darcy velocity vector [m s71], C]’-” is the concentration of chemical specie j in the matrix

m [ppm], vjs is a stoichiometric reaction coefficient [1], and 7, is the reaction rate of mineral s [kg m—3

s~1]. While ¥ # 0 and assuming linear reaction kinetics, (Eq. 6) is rewritten as (Steefel and Lichtner,
1998):
3 (¢nCy)
ot

—V. <¢m1)mvc;ﬂ> _v. (¢muc;1> ~KuC, (3.9)

Where K,, is the silica reaction rate [s~'], and C;n is the effective concentration of the chemical

species in the matrix [ppm] and is given by:
C,=Cu—Cyl (3.10)

Where C,/ is the equilibrium concentration [ppm] in the matrix (calculated via Eq.2).
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Solute transport in the fracture

Assuming linear reaction kinetics and a unit porosity in the fracture, the transport equation for

the fracture is given by (Steefel and Lichtner, 1998):

! /

aC aC /
Nr % oy $mDwdG, 3.11
5 = Vo kGt T 5 ly=s (3.11)

Where C/f is the effective silica concentration in the fracture [ppm], v is the fluid velocity in the
fracture [m s~!] given by:

V= —7fo (3.12)

kf is the reaction rate constant [s7!] in the fracture considered the same as (Steefel and Lichtner,

1998), and ¢ is the half-fracture width [m].

Heat in the matrix

Assuming low enthalpy as shown in (Gisler and Miller, 2021), the complete form of conservation

of energy is given by (Steefel, DePaolo, and Lichtner, 2005):

aT
[(1 - 4’m)cpmpm + ()bmcpwpw] E = v ()\mVT) — V (chg’(,bmuT) (313)

Where A, is the thermal conductivity [W m~! K~1], C, is the specific heat [J kg~! K71], p is the

density [kg m 3] and subscripts m and w are for the matrix and fluid respectively.

Heat in the fracture

Heat transport in the fracture is given by (Kumar and Ghassemi, 2005):

01 oT ’T 1 a7,
f f f m
_ L (D:+D n N _ 3.14
ot v ox (Dy r) 0x2  Cp puwd (A dy ) ly=2 (3.14)

Where Ty and Ty, are the temperatures in the fracture and matrix, respectively, ¢ is the half-
fracture width [m]. Dy is the thermal conduction coefficient of the fluid in the fracture given as A,/
(owCw) [m? s~ 1], Dy is the longitudinal thermal dispersion coefficient in the fracture given by Vo Br
[m? s~1], where Br is the thermal dispersivity [m] (De Marsily, 1986), A,;, and Ay are the thermal

conductivity of the rock matrix and the fluid in the fracture, respectively [W m~! K~!].
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Porosity reduction and permeability evolution in the matrix

We assume a dual-porosity, dual-permeability system, composed of the matrix and the fracture.
The porosity variation in the matrix system is proportional to the mass of precipitated silica (as
quartz). We assume that the minimum rate of porosity reduction in the medium is the one sug-

gested by (Steefel, DePaolo, and Lichtner, 2005):
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Where V; is the molar volume of SiO, taken as 28.107° [m3® mol~'] and R, is the volume-
normalized mineral reaction rate [mol m~3 s~!] given by ((Scott and Driesner, 2018):
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Where Mgyt is the molar mass of SiO, (0.06008 [kg mol~']). Note that we perform a sensitivity
analysis using three different values of porosity reduction, where the minimum is the one calculated
via Equation 3.15 and the maximum porosity reduction rate is the based on the experimental results
obtained by (Yanaze et al., 2019). The purpose of this paper is not to prove the reliability of the poros-
ity reduction equations, rather to visualize the influence of porosity reduction rate on the pressure,
temperature and concentration variables in a fractured geothermal reservoirs. The permeability vari-
ation depends on the precipitation-induced porosity (Civan, 2001), and empirically can be expressed

as (Weir and White, 1996) and (Scott and Driesner, 2018):
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Where ¢ is the critical porosity defined as half of the initial porosity, ¢ is the initial porosity and
ko is the initial permeability [m?]. The stability of the solution requires that the transient porosity

does not go lower than the critical porosity.

Fracture aperture evolution

We consider the evolution of fracture width due to the combined effects of thermoelasticity and
deposition of silica (as quartz). The evolution of fracture width due to thermoelastic effects is given
by (Ghassemi and Kumar, 2007), assuming one-directional thermal stress and in the absence of shear

or horizontal stress as:
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The evolution of fracture width due to silica deposition is given by (Steefel, DePaolo, and Licht-

ner, 2005):
90 ,
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Where a7 is the solid thermal expansion coefficient [K~'] and § is the half-fracture width [m]. The
evolution of fracture aperture due to the combined thermoelastic and chemical effects is the sum of

Eq. 3.18 and Eq. 3.19.

3.3.4 Numerical simulation

We use COMSOL multiphysics to solve the coupled partial differential equations (PDEs) describ-

ing the system. Using an explicit formulation of the finite element method, we define the porosity as

TABLE 3.1: Rock and fracture properties for the THC model. Subscript m, matrix (rock)
and f, fracture.

Initial porosity of the rock, ¢, 0.1
Reaction rate constant in the rock matrix, K, 107651
Initial matrix permeability, k, 10716 m?
Density of the rock, o, 2600 kg m3
Compressibility of the rock, S, 1.107 10 Pa~!
Effective solute diffusion coefficient, D, 510" m2s!
Heat capacity of the solid, C}/ 1000 kg ' K!
Solid heat conductivity, A 26 Wm 1K1
Solid thermal expansion coefficient, at 1.8x10° K!
Poisson’s ratio, v 0.219
Half-fracture aperture, J 2x107%-2x10"2 m
Reaction rate constant in the fracture, k¢ 1078571
Thermal dispersivity, B 0.05m
Initial reservoir temperature, T, 250 °C

a time-dependent variable. Note that the system is characterized by non-isothermal and single-phase
incompressible fluid flow. Tables 3.1 and 3.2 show the rock and fluid input properties, and Table 3.3

shows the silica (as quartz) kinetics related data.

3.3.5 Model geometry and setup

We investigate two scenarios, with the first one represented in Figure 3.2, where we assume an

injection fluid supersaturated with respect to silica flowing through the fracture and matrix system.
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TABLE 3.2: Fluid properties for the THC model. Subscript w, fluid.

Fluid pressure difference, (P;;; — P,) 1 MPa
Compressibility of the fluid, B4 51071 pa!
Fluid heat capacity, C}; 4000] kg~ K1
Fluid density at reference temperature (at 20°C), oo~ 1000 kg m 3
Temperature of the injected fluid, Tjy; 27°C
TABLE 3.3: Quartz related data chosen for the THC model. Subscript q, quartz, and m,
matrix.
Concentration of oversaturated injection fluid, C;y; 800 ppm
Density of quartz, p, 2700 kg m 3

The injection fluid maintains constant pressure, temperature and concentration of silica throughout
the simulation. The second scenario, represented in Figure 3.3, assumes injection at the center of the
fracture and porosity reduction occurring at the vicinity of the fracture. The injected fluid is also
characterized by a constant pressure, temperature and concentration. The fluid is supersaturated
with respect to silica. That is, the concentration in silica (as quartz) exceeds the equilibrium con-
centration. The porosity of the matrix varies according to Eq. 3.15 and the fracture permeability is

re-calculated with respect to the change in fracture width calculated via Eq. 3.18 and 3.19.

FIGURE 3.2: Simplified geometry of scenario 1, where P;,j, Tjyj, Ciyj are the injection

pressure (in excess of hydrostatic), temperature and concentration in silica, respectively.

P, s Ty fr Cny rare the pressure, temperature and concentration in silica in the matrix

(m), and the fracture (f), respectively. We assume a 70 m long fracture with no flow

boundary conditions at the top, bottom and right side and a constant injection fluid at
the well (left).
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FIGURE 3.3: Simplified geometry of scenario 2, where Pj,j, Tjuj, Ciyj are the injection
pressure (in excess of hydrostatic), temperature and concentration in silica, respectively.
P,/ r Ty r C:n /f are the pressure, temperature and effective concentration of silica in

the matrix (m), and the fracture (f), respectively. We assume a 40 m long fracture with
no flow boundary conditions on all sides and a constant injection fluid at the center of
the fracture.

3.4 Results and discussion

3.4.1 Injection well with fracture stimulation

We investigate the behavior of the well-fracture system in Figure 3.2 using SPARROW. Assum-
ing a constant pressure, temperature and silica concentration in the well, we model the pressure,
temperature and concentration within the fracture-matrix system undergoing changes in porosity
and permeability. We perform a sensitivity analysis by assuming three increasing porosity reduc-
tion rates (Yuin, Ymed, Ymax), and infer the corresponding permeability. where ¥, is the porosity
reduction rate calculated via Eq.3.4, and ¥4 is the maximum porosity reduction rate found experi-
mentally in Yanaze et al. (2019).

Figure 3.4 shows the results of (a) k/kq [1], (b) d¢/dt [s~!], (c) porosity [1] and (d) Pressure
[MPa] measured at 1[m] from the well an above the fracture, over a year period, assuming the three
studied porosity reduction rates (Y,in, Yies and Yiuax). Figure 3.4(a) shows that the ratio of the
new permeability to the initial permeability (K/K,) reaches 55% after a year of injection in the case
of the ¥,,;, in comparison to less than 10 days in the case of ¥;;,. In a similar manner, the new
porosity reduces to almost 7% after 1 year of injection in the case of the ¥,,;,, in comparison to less

than 10 days in the case of ¥,y (Figure 3.4(c)). Figure 3.4(b) highlights the transient nature of the
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FIGURE 3.4: Comparison of (a) k/ko, (b) d¢/dt [s711, () porosity and (d) Pressure [MPa]
(measured at 1[m] from the well, over a year period) between three studied porosity
reduction rates ¥ ;i ¥ eq and ¥iax-

porosity reduction rate, which implicitly depends on the effective concentration of deposited silica,
as seen in Eq.3.15. In the case of ¥y, the d¢/dt curve increases fast initially (due to increasing silica
deposition) and peaks at 90 x 107[1/s] after almost 10 days of injection, then later decreases and
stabilizes at 2 x 10~°[1/s] after a year of injection, while the porosity reaches its critical value almost
40 days after injection (Figure 3.4(c)). In comparison, in the case of Y,,;,, the d¢/dt curve reaches
its steady value of 2 x 107[1/s] after 10 days of injection, remaining constant even after a year of
injection. The calculated pore pressure, as seen in Figure 3.4(d), displays a behavior similar to that
of the porosity reduction rate curve in Figure 3.4(b), peaking and decreasing at identical times. The
pore pressure is more sensitive to the porosity reduction rate than the porosity value, which is to be

expected because of the mass conservation equation Eq.3.3. Figure 3.4(d) shows that the peak value
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of pore pressure (in excess of hydrostatic), reaches an impressive 22[MPa] in the case of ¥ ., 6|]MPa]
in the case of ¥,,,4, and 1.2[MPa] after 10 days of injection. That is, an abrupt loss in porosity leads
to a surge in pore pressure, as seen for Y ,,,x, whereas a smaller porosity reduction rate ¥,,;, has a
negligible effect on the systems pore pressure increase, despite a noticeable drop in porosity, about

30% after a year.

FIGURE 3.5: Comparison of porosity between (a) ¥,,;;, and (b) ¥« after one year of
injection.

Figure 3.5 shows porosity assuming (a) ¥ in, (b) ¥yeq and (c) ¥yuax, calculated 365 days after in-
jection. Results show that porosity reduction is substantial at the vicinity of the vertical well because
of the imposed boundary condition, where the injection fluid is supersaturated with respect to silica
leading to deposition as the fluid travels inside the medium. In addition, results indicate that poros-
ity reduction is more prominent and travels faster at the vicinity of the fracture. There are two main
reasons for this. First, the effective concentration of deposited silica is larger and occurs faster inside
the fracture, leading to a larger concentration gradient at the fracture/matrix interface, and conse-
quently a larger porosity reduction rate ¥. The second reason is the presence of the leakoff from the
fracture to the matrix and hence the presence of an advection causing larger silica deposition at the
fracture-matrix interface.

Figure 3.6 compares fluid pressure between (1) constant porosity (cp), (2) ¥imin, (3) ¥ies, and (4)
Y nax, calculated (a) 5 days, (b) 10 days and (c) 30 days after injection. The injection fluid is assumed
to be 1[MPa] above hydrostatic and results show that pore pressure builds up inside the medium to
exceed that of the injection pressure in the presence of porosity reduction. Figure 3.6 shows that pore
pressure builds up to become 1.2[MPa] above hydrostatic after 30 days in the case of ¥,,;, (Figure

3.6(2.c)), 12[MPa] above hydrostatic after 10 days of injection in the case of ¥ .4 (Figure 3.6(3.b)), and
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FIGURE 3.6: Comparison of pore pressure in excess of hydrostatic, between (1) constant
porosity (cp), (2) Yimin, (3) Yied, and (4) ¥y, calculated (a) 5 days, (b) 10 days and (c)
30 days after injection.

30[MPa] above hydrostatic after 5 days of injection in the case of ¥, (Figure 3.6(4.a)). Results clearly
show that overpressure (pressure above hydrostatic) depends on the initial porosity reduction rate
and not the newly found porosity, because although the matrix porosity in Figures 3.6(3-4) reaches
the critical value, the pore pressure is higher for the fastest porosity reduction rate. An more abrupt
loss of porosity, such is the case of ¥, (Figure 3.6(4.a)), forces the system to accommodate a pore

pressure buildup, leading to overpressure. That is, the fluid pressure in the fractured system exceeds
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that of the injection well, thus generating a reversed Darcy flow. For clarity, a reversed Darcy flow is
the Darcy flow in reversed direction, contrary to what is to be expected at an injection well. Figure
3.7 shows pore pressure 365 days after injection, assuming (a) ¥Yin, (b) Yes and (c) Yiax. Note
that porosity reduction rate decreases and stabilizes at this point, and the porosity reaches the critical
value for the cases Figure 3.7(b-c). Results clearly show that overpressure is still present in the system
after a year of injection. The encountered reversed Darcy flow affects the advection term, hence
affecting temperature and concentration evolution in the system and consequently, the evolution
of fracture width. In this example, we consider the fracture has a constant porosity of one [1] but

undergoes fracture aperture, therefore permeability, variation with an initial width b=2x10"*[m].

FIGURE 3.7: Pore pressure assuming a maximum porosity reduction rate ¥4y, (a) 100
days and (b) 365 days after injection.

FIGURE 3.8: Concentration of silica (as quartz) 30 days after injection, assuming (a)
constant porosity (cp) and (b) ¥y.4x, and a year after injection, assuming (c) constant
porosity (cp) and (d) ¥iax-

Figure 3.8 shows the effective silica (as quartz) concentration assuming constant porosity (cp), (a)
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30 days after injection and (b) a year after injection, and assuming ¥ ,.,x, (c) 30 days after injection and
(d) a year after injection. Results indicate a decrease in effective silica concentration in the presence
of a porosity reduction rate, by comparing Figures 3.8(a-c), 30 days after injection, and Figures 3.8(b-
d), after 1 year of injection. The reduction is observable at the fracture-matrix interface and the
vicinity of the well due to the decrease in the pore space that can accommodate more depositing
silica. Furthermore, a reversed Darcy flow also means that silica may be transported backwards
towards the well, inducing lower injectivity. Note that we consider the advection term for both the
matrix and the fracture.

We proceed to examine the temperature, assuming constant porosity 30 days Figure 3.9(a) and
365 days Figure 3.9(b) after injection, and assuming ¥, presented 30 days Figure 3.9(c) and 365

days Figure 3.9(d) after injection.

FIGURE 3.9: Temperature calculated after 30 days of injection assuming (a)constant
porosity and (c) ¥ uax, and 365 days after injection, assuming 30 days (b)constant poros-
ity (d)¥ max-

Results in Figure 3.9 show the effects of the reversed Darcy flow, induced by fast porosity reduc-
tion rates, on the temperature front. We observe that at similar times, the cooling front propagates
farther in the case of ¥4y Figure 3.9(c-d) than in the case of constant porosity Figure 3.9(a-b) because
of the reversed Darcy flow; temperature flows from the matrix to the well. Furthermore, a larger
cooling front extends further along the fracture-matrix interface in the case of ¥,,,x because of the
leakoff, where the shape of the temperature front along the fracture-matrix interface clearly takes a
"<’ shape, indicating a reversed Darcy flow. As the porosity reduction rate stabilizes and pore pres-
sure slowly reaches steady state, the effects of the reversed Darcy flow should slowly diminish after

a year of injection in the case of ¥ y.



3.4. Results and discussion 59

Figure 3.10 shows fracture width evolution for different porosity reduction rates, assuming an
initial fracture aperture of (a) 0.02[m] and (b) 0.005[m]. We fix the boundary condition of the fracture
aperture as variable at the injection point and equal to the initial fracture width at the tip located
at 70[m]. Fracture width evolution is not affected by porosity reduction rates at early times, as cal-
culated 30 days after injection, but varies 100 days and 365 days after injection. After 365 days of
injection, fracture width is largest for the highest porosity reduction rate ¥y, highlighting the ther-
moelastic effects due to silica deposition. After a year of injection and comparing between constant
porosity and Y.y, fracture width is 1[mm] larger for wy=0.005[m] (Figure 3.10(a)), and 2.5[mm)]
larger for wp=0.02[m] (Figure 3.10(b)), measured at 20[m] from the tip of the fracture. This observa-
tion is due to the loss of heat as the fluid flows from the hot reservoir back to the injection well caused
by the reversed Darcy flow, in the presence of ¥,,,,. In consequence, an increased displacement of
the fracture takes place, thus increasing its likelihood of failure. Furthermore, a larger initial fracture

aperture results in a larger fracture width increase due to higher thermoelastic effects.

FIGURE 3.10: Evolution of the fracture width 30 days, 100 days and 365 days after
injection, assuming (a) wp=0.005 [m] and (b) w(=0.02 [m].

Figure 3.11 shows (a) pressure and (b) temperature along the fracture 365 days after injection,
assuming the three studied porosity reduction rates and the two initial fracture width wy=0.005[m]
and wp=0.02[m]. Figure 3.11(a) shows that the pressure in excess of hydrostatic peaks higher when
assuming maximum porosity reduction rate, 5.5[MPa] when ¥4, in comparison to 3.7[MPa] when
Y nin- The effects of this larger reversed Darcy flow can be seen in Figure 3.11(b), where temperature

is smallest assuming ¥ ,5x and wy=0.005[m].
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FIGURE 3.11: Evolution of the (a) pressure and (b) temperature along the fracture 365
days after injection, assuming different porosity reduction rates and for two values of
initial fracture width wy=0.005[m] and wy=0.02[m].

3.4.2 Matrix with pre-existing fracture

In this section, we investigate the effects of silica deposition in a pre-existing fracture and source
at its center, as shown in Figure 3.3, using SPARROW. Assuming a constant pressure, temperature
and silica concentration at the fracture center, we model the pressure, temperature and concentration
components in the fracture-matrix system undergoing porosity and permeability changes. Figures
3.12 shows fluid pressure assuming a porosity reduction rate of (a) Yin , (b) Yied, and (c) Yiax,
calculated at (1) 10 days, (2) 30 days and (3) 365 days after injection.

Overpressure (pressure in excess of hydrostatic) occurs in all three scenarios of porosity reduc-
tion and is 2[MPa] assuming ¥ ,,;, (Figure 3.12(1.a)), 4[MPa] assuming ¥,,.; (Figure 3.12(1.b)), and
10[MPa] assuming ¥ (Figure 3.12(1.c)), calculated 10 days after injection. The pore pressure
buildup is governed by the porosity reduction rate and not the newly calculated porosity, as can
be seen in Figure 3.13, where the porosity at the vicinity of the fracture reaches the critical porosity of
0.05 in all three cases of porosity reduction rates. After 365 days, fluid pressure is 1.2[MPa] assum-
ing ¥,,i (Figure 3.12(3.a)), 1.8[MPa] assuming ¥,,.; (Figure 3.12(3.b)), and 3.5[MPa] assuming ¥ ;ax
(Figure 3.12(3.c)). The surge in pore pressure is clustered at the vicinity of the injection point because
of the larger silica deposition and hence porosity reduction. Results show that the excess pore pres-
sure dissipates from the fracture for all cases, and reaches the boundaries, mostly due to the no flow
condition, specifically for the ¥,,.s (10%) and ¥ .x (16%) case, shown in Figure 3.13(b-c),respectively.
The resulting overpressure (Figures 3.14 and 3.15) affects the advection term, the concentration of

silica, and the temperature evolution.



3.4. Results and discussion 61

FIGURE 3.12: Pore pressure after [1] 10 days, [2] 30 days, and [3] 365 days of injection,
assuming (a) ¥, (b) ¥peq, and (C) ¥iax-

Figure 3.13 shows the calculated porosity a year after injection at the vicinity of the fracture,
assuming a porosity reduction rate of (a) ¥in, (b) ¥ ed, and (c) ¥yuax. The porosity at the vicinity of
the fracture reaches critical porosity for all three cases, with the largest region of reduced pororsity
in the case of ¥ 4.

Figure 3.14 shows the silica concentration 30 days and 365 days of injection, assuming constant
porosity (cp), and ¥.x. For the same time step, one clearly sees the decrease in the concentration
of deposited silica at the center of the fracture due to the decrease of the pore space in that region.

Although not shown, once the system reaches the critical porosity and the porosity reduction rate



Chapter 3. Incorporating porosity reduction as a source term in the coupled
62
thermo-hydro-chemical analysis: Application to silica deposition in fractured geothermal reservoirs

FIGURE 3.13: Porosity after 365 days, assuming (a) ¥ ,in, (b) ¥ eq, and (C) ¥ ax-

nears zero, the concentration of deposited silica reaches a plateau and does not vary; for example

between 100 days and 365 days.

FIGURE 3.14: Effective silica concentration after [1] 30 days and [2] 365 days of injection,
assuming (a) constant porosity (cp), and (b) ¥ uax-

Finally, Figure 3.15 shows temperature evolution after [1] 10 days, [2] 30 days, and [3] 365 days
of injection, assuming (a) constant porosity, (b) ¥ .4, and (c) ¥ax. We do not show the temperature
assuming ¥ ,,;, because it is the same as the temperature at constant porosity. Results show that the
thermal cooling front due to the cold fluid injection becomes more pronounced in the presence of
abrupt loss in porosity, as seen at all times for the cases of ¥ 5« Figure 3.15(1.c-2.c-3.c). This is due to
the negative pressure gradient, that transports the temperature from the surrounding rock towards
the injection source, leading to a larger zone of decreased temperature around the fracture. These
results are important because they show that porosity reduction affects the value and propagation

radius of the thermal stresses acting along the fracture-matrix interface.
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FIGURE 3.15: Temperature evolution after [1] 10 days, [2] 30 days, and [3] 365 days of
injection, assuming (a) constant porosity, (b) ¥ .4, and (c) ¥iax.

3.4.3 Implications on rock-fracture stability

We evaluate in this section the failure potential of a rock due to silica rich-pore clogging injection
fluid. We assume a combination of SPARROW and the simple Mohr-Coulomb (MC) failure condition
for a point in a cohesionless and frictional rock with a friction failure slope y of 0.6. We assume that
the rock fails when T — ya,; > 0, where T is the shear stress [MPa], and (7,’1 is the effective normal stress
[MPa]. We consider a maximum horizontal stress 07 of 45[MPa] and o3 of 20[MPa], respectively. Fig-
ure 3.16 shows the Mohr-Coulomb failure criterion for constant porosity, ¥ .4, and ¥ 4x calculated

5 days after injection.
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FIGURE 3.16: Mohr’s circle assuming a cohesionless frictional rock with a friction fail-

ure slope u of 0.6. We presume a maximum horizontal stress 07 of 45[MPa] and o3 of

20[MPa] respectively, each acting in the far field. We present the effective normal and

shear stresses acting on the rock assuming the initial conditions, constant porosity and
a porosity reduction rate of ¥4y, calculated 5 days after injection.

Assuming isotropic, homogeneous formation, the effective normal stress acting on the fracture

(when neglecting thermal stresses) is defined as:

S 01+03—=2pf 01 —03
n 2 2

cos(20) (3.20)

T= wsin(%) (3.21)

where 6 is the angle between the maximum horizontal stress and the fracture segment measured
from the normal to the o plane. Figure 3.16 shows that the Mohr’s circle for initial stress state shifts
to the right when introducing effective stresses, and intersects with the failure slope.

To further detail the results, Figure 3.17 shows that assuming pore pressure at constant porosity
reduction, fractures with an inclination range of 35°-85°are stable.

However, inclination angles 55°and 65°fulfill the failure requirement when introducing the
medium porosity reduction rate. The excess pore pressure, e.g. in excess of hydrostatic, allows
inclinations of 45°-85°to slip in the end case scenario of ¥;.x. Figure 3.18 displays the values of

effective normal stress on a fracture with an inclination of 65°, assuming (a) constant porosity, (b)
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FIGURE 3.17: Failure study of a fracture for angle ranges (35,85) (notation above red
dots), assuming a cohesionless rock with a friction failure slope y of 0.6. We presume
a maximum horizontal stress o7 of 45[MPa] and o3 of 20[MPa] respectively, each acting
in the far field. The plot displays effective normal and shear stresses acting on the rock,
assuming constant porosity and porosity reduction rates of ¥,,,.; and ¥ ;ax.

FIGURE 3.18: Effective normal stress after 5 days of injection, assuming a 65°inclination
angle of the fracture, and (a) constant porosity, (b) ¥4, (¢) ¥rax

Y oned, and (c) ¥ouax. The effective stress at the center of the fracture (Figure 3.18 (c)) assuming ¥ .y is

8[MPa], more than half of the one calculated assuming constant porosity 18[MPa] (Figure 3.18(c)).

3.4.4 Sensitivity analysis

We perform a sensitivity analysis to understand the weight of two variables: pressure injection
rate, and concentration of silica in the injection fluid, assuming input values given by Rawal and

Ghassemi, 2014. Tables 3.4, 3.5 and 3.6 present the values used to study the behavior of the pressure,
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temperature, concentration and fracture aperture profiles assuming larger injection fluid pressure
and silica concentration.

TABLE 3.4: Rock and fracture properties for the THC model. Subscript m, matrix (rock)
and f, fracture.

Initial porosity of the rock, ¢, 0.1
Reaction rate constant in the rock matrix, K, 1061
Initial matrix permeability, k, 10716 m?
Density of the rock, p, 2600 kg m—3
Compressibility of the rock, B 1.107 1 Pa~!
Effective solute diffusion coefficient, D,, 510 % m2s!
Heat capacity of the solid, C} 1000 kg ! K!
Solid heat conductivity, A 26 Wm LK1
Solid thermal expansion coefficient, at 1.8x107° K1
Poisson’s ratio, v 0.219
Half-fracture aperture, & 2x107%-2x10"2 m
Reaction rate constant in the fracture, ¢ 1078571
Thermal dispersivity, B 0.05m

TABLE 3.5: Fluid properties for the THC model. Subscript w, fluid.

Injection fluid pressure, P;,; 10 MPa
Compressibility of the fluid, B, 51071 pa~!
Fluid heat capacity, C}; 4000 ] kg~ K™!
Fluid density at reference temperature (at 20°C), pg 1000 kg m 3
Temperature of the injected fluid, Tj,; 40 °C

TABLE 3.6: Quartz related data chosen for the THC model. Subscript q, quartz, and m,
matrix.

Concentration of oversaturated injection fluid, C;,; 1000 ppm
Density of quartz, p, 2700 kg m 3

Similar to the previously presented results, we investigate the behavior of the well-fracture sys-
tem in Figure 3.2 using SPARROW. Assuming a constant pressure, temperature and silica concentra-
tion at the injection well, we model the pressure, temperature and concentration within the fracture-
matrix system undergoing porosity and permeability changes. We also study three increasing poros-
ity reduction rates (Y ,in Y med, ¥max), and infer the corresponding permeability.

Figure 3.19 shows the results of (a) k/ko [1], (b) d¢/dt [s71, () porosity [1] and (d) Pressure [MPa]
measured at 1[m] from the well, over a year period, assuming the three studied porosity reduction
rates. In Figure 3.19(a), the ratio of the new permeability to the initial permeability is 25% after 10
days, and the new porosity is 6% (Figure 3.19(c)) assuming ¥ .., and 85% after a year, and the new

porosity is 8% (Figure 3.19(c)) assuming ¥ ,,i,. Results highlight the transient nature of the porosity



3.4. Results and discussion 67

FIGURE 3.19: Comparison of (a) k/ko, (b) d¢/dt [s~'], (c) porosity and (d) Pressure
[MPa] (measured at 1 m] from the well, over a year period) between three studied poros-
ity reduction rates (a) ¥in, (¢) ¥ieq and (€) Yiax-

reduction rate (Figure 3.19(b)), which is initially fast (due to increasing silica deposition) and later
stabilizes as the system reaches the critical porosity (Figure 3.19(c)). Figure 3.19(c) indicates that the
porosity reaches the critical value after 10 days assuming ¥,4r, and after 25 days assuming ¥ ,,.; and
over a year assuming Y ,,;,. Figure 3.19(d) shows that the pore pressure depends more on the initial
porosity reduction rate rather than the porosity value. An abrupt loss in porosity leads to a surge in
pore pressure, seen for ¥,,,,, whereas a smaller porosity reduction rate, such as ¥,,;, has negligible
effect on the system despite a noticeable drop in porosity, about 20% after a year.

Figure 3.20 shows porosity reduction rates, assuming (a) ¥in, (b) ¥max and the corresponding
porosity Figure 3.20(c) and 3.20(d), respectively, calculated 365 days after injection. Results indicate
that porosity reduction is more prominent and travels faster at the vicinity of the fracture. There
are two main reasons for this. First, the concentration of silica is larger and occurs faster inside the

fracture, leading to a larger concentration gradient at he fracture/matrix interface, and consequently
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a larger ¥. The second reason is the presence of the leakoff from the fracture to the matrix and
hence the presence of an advection causing larger silica deposition at the fracture-matrix interface.
Furthermore, porosity reduction is important at the vicinity of the vertical well because there deposits

high concentrations of silica.

FIGURE 3.20: Comparison of porosity reduction rates between (a) ¥,,;;, and (b) ¥ax,
and their corresponding porosity at (c) and (d) respectively, after one year of injection.

FIGURE 3.21: Comparison of pore pressure, 30 days after injection, between (a) constant
porosity (cp), (b) ¥in, (¢) ¥irea, and (d) ¥imax-

Figure 3.21 compares fluid pressure between (a) constant porosity (cp), (b) ¥in, (¢) ¥ieq, and (d)

Y nax, calculated 30 days after injection. Results show that the pore pressure exceeds the injection
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pressure for a porosity reduction rate of (c) ¥,,.s and (d) ¥ uax. Furthermore, results clearly show that
overpressure depends on the initial porosity reduction rate and not the newly found porosity, because
although the matrix porosity in Figures 3.20(c-d) reaches the critical value, the pore pressure is higher
for the fastest porosity reduction rate. An abrupt loss of porosity forces the system to accommodate a
pore pressure buildup, leading overtime to overpressure. That is, the fluid pressure in the fractured
system exceeds that of the injection well, thus generating a reversed Darcy flow and a faster loss of
temperature. For clarity, a reversed Darcy flow is the Darcy flow in reversed direction, contrary to
what is to be expected at an injection well. Consequently, one must investigate the repercussions on
the evolution of fracture width due to these additional thermoelastic effects. We consider the fracture
has a constant porosity of one [1] but undergoes fracture aperture, therefore permeability, variation

with an initial width b=2x10"*[m].

FIGURE 3.22: Pore pressure assuming a maximum porosity reduction rate ¥4y, (a) 100
days and (b) 365 days after injection.

Figure 3.22 shows an end-case scenario of pore pressure, assuming ¥y, (a) 100 days and (b)
365 days after injection. Note that porosity reduction rate decreases and stabilizes at this point, and
the porosity reaches the critical value. Results clearly show that overpressure is still present in the
system after a year of injection.

Figure 3.23 shows the effective silica (as quartz) concentration assuming constant porosity (cp), (a)
30 days after injection and (c) a year after injection, and assuming ¥ .,x, (b) 30 days after injection and
(d) a year after injection. Results indicate a decrease in effective silica concentration in the presence
of a porosity reduction rate, by comparing Figures 3.23(a-b), 30 days after injection, and Figures
3.23(c-d), after 1 year of injection. The reduction is observable at the fracture-matrix interface and
the vicinity of the well due to the decrease in the pore space that can accommodate more depositing

silica. Furthermore, a reversed Darcy flow also means that silica may be transported backwards
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towards the well, inducing lower injectivity. Note that we consider the advection term for both the

matrix and the fracture.

FIGURE 3.23: Concentration of silica (as quartz) 30 days after injection, assuming (a)
constant porosity (cp) and (b) ¥4y, and a year after injection, assuming (c) constant
porosity (cp) and (d) ¥iax.

We proceed to examine the temperature, shown in Figure 3.24, assuming (a-b-c-d) constant poros-
ity, and Y. (e-f-g-h), presented consecutively for 10 days, 30 days, 100 days and 365 days after

injection.

FIGURE 3.24: Temperature 10, 30, 100, and 365 days after injection, assuming (a-b-c-d)
constant porosity, and (e-f-g-h) ¥ ax.

Results in Figure 3.24(e-f-g-h), clearly show the effects of the reversed Darcy flow induced by
fast porosity reduction rates on the temperature front. First, a larger cooling front propagates at
the vicinity of the well, because of the reversed Darcy flow; temperature flows from the matrix to
the well. Second, a larger cooling front extends further along the fracture-matrix interface because
of the leakoff. Results are pronounced at the fracture-matrix interface and at the vicinity of the well,
where the shape of the temperature front along the fracture-matrix interface clearly takes a "<’ shape,
indicating a reverse flow. As the porosity reduction rate stabilizes and pore pressure slowly reaches

steady state, the effects of the reversed Darcy flow should slowly diminish.
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Figure 3.25 shows fracture width evolution for different porosity reduction rates, assuming an
initial fracture aperture of (a) 0.02[m] and (b) 0.005[m]. Figure 3.25(a) shows that fracture width de-
creases faster for higher porosity reduction rate, specifically at early times 10 days and 30 days, show-
ing the dominant effect of silica deposition. However, after 365 days the fracture width is largest for
the highest porosity reduction rate ¥, due to the effects of the reversed Darcy flow and the sub-
sequent faster cooling front. After a year of injection and considering ¥4, fracture is 0.4[mm] (8%)
larger for wy=0.005[m] (Figure 3.25(a)), and 2.2[mm] (11%) larger for wp=0.02 [m] (Figure 3.25(b)),
measured at 20[m]. This observation is due to the loss of heat as the fluid flows from the hot reser-
voir back to the injection well caused by the reversed Darcy flow, in the presence of ¥,,,x. That is,
an increased displacement of the fracture takes place, thus increasing its likelihood of failure. Fur-
thermore, a larger initial fracture aperture results in a larger fracture width increase due to higher

thermoelastic effects.

FIGURE 3.25: Evolution of the fracture width after 10 days, 30 days, 100 days and 365
days of injection, assuming (a) wy=0.005 [m] and (b) w=0.02 [m].

Figure 3.26 shows (a) pressure and (b) temperature along the fracture 10 days after injection,
assuming different porosity reduction rates and for two values of initial fracture width wy=0.005[m]
and wp=0.02[m]. Figure 3.26(a) shows that the overpressure due to maximum porosity reduction
rate is larger for smaller initial fracture aperture, 22[MPa] for wp=0.005[m] in comparison to 21[MPa]

for wp=0.02[m], hence the system displays a larger reversed Darcy flow in the presence of a smaller
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initial fracture width. The effects of this larger reversed Darcy flow can be seen in Figure 3.26(b),

where temperature is smallest assuming ¥, and wp=0.005[m].

FIGURE 3.26: Evolution of the (a) pressure and (b) temperature along the fracture 10
days after injection, assuming different porosity reduction rates and for two values of
initial fracture width w=0.005 [m] and w=0.02 [m].

Next, we investigate the effects of silica deposition in a pre-existing fracture and source at its
center, as shown in Figure 3.3, using SPARROW. Assuming a constant pressure, temperature and
silica concentration at the fracture center, we model the pressure, temperature and concentration
components in the fracture-matrix system undergoing porosity and permeability changes. Figure
3.27 shows fluid pressure after 5 days, 30 days and 100 days of injection,respectively, assuming a
porosity reduction rate of (a) ¥in , (b) Yied, and (c) ¥iax-

Overpressure occurs in all three scenarios of porosity reduction, and is 20% assuming ¥ ,.; (Fig-
ure 3.27 [1](b)) and 80% assuming ¥ ,.x (Figure 3.27[1](c)). This sudden pore pressure jump is gov-
erned by the porosity reduction rate and not the newly calculated porosity, as can be seen in Fig-
ure 3.28, where for the same critical porosity of 0.05, overpressure is 11% assuming ¥,,.; (Figure
3.27[2](b)) and 40% assuming ¥4, (Figure 3.27[2](c)). While the overpressure slowly reaches 0% for
the case of ¥,,;, (Figure 3.27[3](a)), it is still present after a year of injection, for the cases of ¥,,.s
(10%) and ¥4 (13%) as seen in Figures 3.27[3](b) and [3](c), respectively. Furthermore, this surge in
pore pressure is clustered at the vicinity of the injection point because of the largest silica deposition
and hence porosity reduction.

Figure 3.28 shows the calculated [1] porosity and the corresponding [2] pore pressure a year after
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[1]

2]

[3]

FIGURE 3.27: Pore pressure after [1] 5 days, [2] 30 days, and [3] 100 days of injection,
assuming (a) ¥ in, (b) ¥yea, and (C) ¥inax.

injection at the vicinity of the fracture, assuming a porosity reduction rate of (a) ¥ in, (2) ¥yeq, and
(€) ¥imax. Results show that the excess pore pressure dissipates from the fracture for all cases, and
reaches the boundaries, mostly due to the no flow condition, specifically for the ¥,,.s (10%) and ¥ ;ax
(16%) case, shown in Figure 3.28[2] (b), and (c),respectively. The resulting overpressure affects the
advection term, the concentration of silica (Figure 3.29), and the temperature evolution (Figure 3.30).

Figure 3.29 shows the silica concentration [1] 30 days and [2] 365 days of injection with (a) constant

porosity, and (b) ¥ ax-
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[1]

2]

FIGURE 3.28: [1] Porosity and [2] pore pressure after 365 days, assuming (a) ¥y, (b)
Y iea, and (C) ¥inax-

[1]

2]

FIGURE 3.29: Effective silica concentration after [1] 30 days and [2] 365 days of injection,
assuming (a) constant porosity (cp), and (b) ¥ax-
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One clearly sees the decrease in the concentration of deposited silica at the center of the fracture
due to the decrease of the pore space in that region. Although not shown, once the system reaches
the critical porosity and the porosity reduction rate nears zero, the concentration of deposited silica
reaches a plateau and does not vary for example between 100 days and 365 days. Finally, Figure 3.30
shows temperature evolution after [1] 5 days, [2] 30 days, [3] 100 days, and [4] 365 days of injection
assuming (a) constant porosity, (b) ¥4, and (c) ¥uax. Results show that the thermal cooling front
due to the cold fluid injection becomes more pronounced in the presence of abrupt loss in porosity, as
seen for the case of (c) ¥, at all times. This is due to the negative pressure gradient, that transports
the temperature from the surrounding rock towards the injection source, leading to a larger zone
of decreased temperature around the fracture. These results are important because they show that
porosity reduction affects the value and propagation radius of the thermal stresses acting along the
fracture-matrix interface.

Finally, we examine the implications on rock-fracture stability by evaluating the failure potential
of the rock due to silica rich-pore clogging injection fluid. We assume a combination of SPARROW
and the simple Mohr-Coulomb (MC) failure condition for a point in a cohesionless and frictional rock
with a friction failure slope p of 0.6. We assume that the rock fails when T — uo,, > 0, where T is the
shear stress [MPa], and (7,; is the effective normal stress [MPa]. We consider a maximum horizontal
stress oy of 45[MPa] and o3 of 20[MPa], respectively. Figure 3.31 shows the Mohr-Coulomb failure
criterion for constant porosity, ¥4, and ¥, calculated 5 days after injection. To further detail
the results, Figure 3.32 shows that assuming only pore pressure, only fractures with an inclination
range of 55°-65° are susceptible to slip. However, other inclinations fulfill the failure requirement
when introducing the porosity reduction rate. The excess pore pressure, e.g. in excess of hydrostatic,
allows inclinations of 45°-75°to slip in the case of ¥4, and all other inclinations 35°-85°to slip in the
end case scenario of ¥ ,4y. Figure 3.33 displays the values of effective normal stress on a fracture with
an inclination of 65°, assuming (a) constant porosity, (b) ¥4, and (c) ¥iax. Neglecting the fracture
aperture evolution of the inclined fracture, and based on the result that the excess pore pressure is
80% larger than the pore pressure, the effective stress at the center of the fracture (Figure 3.33(a)) is

almost half of the one calculated assuming ¥4, (Figure 3.33(c)).
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2]

[3]

[4]

FIGURE 3.30: Temperature evolution after [1] 5 days, [2] 30 days, [3] 100 days, and [4]
365 days of injection, assuming (a) constant porosity, (b) ¥4, and (c) ¥ax-
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FIGURE 3.31: Mohr'’s circle assuming a cohesionless frictional rock with a friction fail-

ure slope u of 0.6. We presume a maximum horizontal stress 07 of 45[MPa] and o3 of

20[MPa] respectively, each acting in the far field. We present the effective normal and

shear stresses acting on the rock assuming the initial conditions, constant porosity and
a porosity reduction rates ¥,.4, and ¥4y, calculated 5 days after injection.

FIGURE 3.32: Failure study of a fracture for angle ranges (35,85) (notation above red
dots), assuming a cohesionless rock with a friction failure slope p of 0.6. We presume
a maximum horizontal stress ¢; of 45[MPa] and o3 of 20[MPa] respectively, each acting
in the far field. The plot displays effective normal and shear stresses acting on the rock,
assuming constant porosity and porosity reduction rates of ¥,,,; and ¥ ;ax.
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FIGURE 3.33: Effective normal stress after 5 days of injection, assuming a 65°inclination
angle of the fracture, and (a) constant porosity, (b) ¥ eq, (€) Yinax

3.5 Conclusions

We numerically investigate the influence of a time-dependent porosity reduction mechanism on
the evolution of pressure, temperature, and silica concentration in fractured geothermal systems.
This is relevant to under-performing doublets because silica deposition lowers injectivity by clog-
ging the vicinity around fractures. Results capture the dynamic interaction between the porosity
reduction rate and the excess pore pressure, sufficient to reversed Darcy flow, with concomitant ef-
fects of advancing the thermal front and fracture aperture evolution in the system. The model shows
that when neglecting porosity reduction, one can underestimate the thermal stresses acting on the
fracture-matrix interface and, consequently, the fracture aperture. Results also show that fracture
aperture is initially larger for smaller porosity reduction rates. However, at larger times, the fracture
aperture becomes the largest for the highest porosity reduction rate due to the excess temperature
decrease driven by the reversed Darcy flow. Furthermore, results show the influence of the porosity
reduction rate on the stability of the rock, as it shifts the Mohr-circle further towards failure. Although
the stability of the fracture depends highly on its orientation, we show that porosity reduction can
lead to fracture failure even for highly mis-oriented faults relative to the principle stresses. There-
fore, one can underestimate the effective stresses when neglecting porosity reduction and develop
misleading conclusions surrounding the stability of the rock. This numerical model, SPARROW, can
be used to study multiple mineral precipitations including Calcite, Feldspar, Illite etc., in conjunction
with their respective kinetics. The coupling between the mechanical processes and SPARROW are

subjects of current research.
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Chapter 4

Subduction zone episodic tremor and slip

due to silica enrichment: the big picture

4.1 Abstract

Fluids derived from progressive dehydration and melting reactions of the downgoing slab are
instrumental in subduction zone episodic tremor and slip (ETS). The excess pressure generated from
these slab-derived fluids introduce a change in the porosity/permeability structure of the rock by in-
ducing hydrofractures. In addition, dissolved silica is transported by these rising fluids and deposits
primarily downdip (near the base of the forearc crust) because of the high temperature dependence
of silica solubility, leading to porosity and permeability reduction in the rock. When porosity reduc-
tion due to silica deposition (as quartz) is significant enough to drive the system in overpressure,
the excess pressure results in low effective fault-normal stress, thus triggering reoccurring slow slip
events. We introduce a two-dimensional numerical example using COMSOL Multiphysics to model
pore pressure development in Cascadia subduction zone undergoing silica enrichment from quartz-
saturated fluids generated from dehydration and melting processes. Results show that fracture or
fault reactivation potential is a local problem and is controlled primarily by a time-dependent poros-
ity reduction rate. The numerical model calculates the pore pressure in excess of hydrostatic and
the resulting reduced effective stresses. The localised slip event alters the porosity-permeability of
the system and its occurrence timescale is in agreement with the behavior of observed V) / V; forearc

values measured in northern Cascadia.
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4.2 Introduction

Episodic tremor and slip (ETS) involves repeated slow slip of faults accompanied by low-
frequency tremor taking place at the boundaries of plate interface-within the forearc of young and
warm subduction zones, downdip of the locked zone (Audet and Biirgmann, 2014; Schwartz and
Rokosky, 2007; Beroza and Ide, 2011). Several authors have proposed that ETS is a fluid driven
process resulting from dehydration reactions in the subducting plate, more specifically dehydration
of serpentine; a mineral comprised of hydrated magnesium and silicate. Serpentization occurs
through hydrothermal alteration of Basalts at the mid-ocean ridge. As pressure and temperature
rise, serpentine dehydrates, thus releasing water that flows within the crust and upper mantle
(Peacock, 2009; Miller et al., 2003). The degree of serpentinization depends on the age of the slab and
the availability of fluids from slab dehydration, which in turn depends on the age of the subduction
zone. A young and warm slab will show more serpentinization than an old and cold slab, because
the younger one will release more of his bound H,O in he forearc, whereas the older one will retain
most of his HyO until farther landward (Wada et al., 2008).

Silica deposition from a silica saturated rising fluid in a geothermal system may lead to the de-
velopment of a low permeability cap zone in the near surface, as seen in Te Kopia geothermal field
(situated near the southern termination of the Paeroa fault, which bounds the eastern margin of
the Taupo fault belt) (Dempsey et al., 2012). The geometry of this formed cap zone allows ther-
mal dilution as it allows heat to spread across a larger area and concomitantly insulates the fluids
below it, thus increasing the reservoir fluid temperature, enthalpy and the geothermal potential of
the reservoir. Furthermore, (Dempsey et al., 2012) suggests using a numerical model based on the
hypothesis that silica deposition in hydrothermal systems promotes fault rupture and reactivation.
Particularly, the author states that sealing of fault aperture due to silica depositing leads to over-
pressure and a consequent decrease in the effective normal stress acting on the fault boundary, thus
triggering fault reactivation. As a result, fracture permeability increases, leading to higher fluid flow
rate and more precipitation on the surface, leading to further hydrofracturing (Dempsey et al., 2012).
Furthermore, experimental results from (Giger et al., 2007) show that porosity evolution is highly
time-dependent and porosity reduction rate increases with increasing temperature being as high as
6x10~5s~ ! at 700°C and 7.4 x 1074 s~ ! at 850°C, assuming fine-grained quartz aggregates subjected

to hot pressing experiments, with confining pressure of 250[MPa] and pore pressure of 150[MPal].
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Furthermore, tests run on the quartz micro-structure prove that permeability reduction was con-
trolled by dissolution-precipitation creep processes. Results also suggest that quartz rich fault zones
can evolve from high permeability conduits to low permeability seals within the recurrence time
of major earthquakes (Giger et al., 2007). Reoccurring earthquakes can also indicate the presence of
economic-grade gold deposits (Weatherley and Henley, 2013). In this publication, the authors suggest
that earthquake rupture and aftershock cycles lead to changes in fluid pressures which consequently
triggers flash evaporation. Such extreme changes in pressure transients also indicate changes in tem-
perature, density and compressibility of the fluid in theses seismically active faults (for example in
western Australia) (Weatherley and Henley, 2013). Flash evaporation prompt co-deposition of silica
and trace elements hence forming gold enriched quartz veins.

The overpressure, also defined as pore pressure in excess of hydrostatic, is introduced by the
released fluids from dehydration processes causing the effective fault normal stresses to decrease.
Accordingly, this pore pressure development triggers hydro fractures, fault weakening and brittle
failure (Miller et al., 2003; Raleigh and Paterson, 1965). These slow earthquakes are further enabled
by the deposition of quartz transported by these rising fluids, rich in dissolved silica. Quartz de-
posits primarily downdip because of the high temperature dependency of silica solubility (Audet
and Biirgmann, 2014), and is confirmed by the low Poisson’s ratio values measured using seismic
tomography velocities of the base of the forearc lower crust (Ramachandran and Hyndman, 2012).
High temperature enables progressive quartz deposition, thus decreasing the porosity-permeability
structure of the rock and triggering overpressure (Audet and Biirgmann, 2014). Their study focuses
on ETS detected at the northern Cascadia and Japan subduction zones, described as warm subduc-
tion zones because of the young incoming lithosphere (<20[Ma]) and modest plate convergence rates
(40-60[mm /a]) (Peacock, 2009). In these warm subduction zones, dehydration processes take place at
a shallower depth than cool subduction zones, where dehydration processes are predicted at depths
of 100 [km] or more (Peacock, 2009; Ramachandran and Hyndman, 2012). Other factors, contribute
to the nature and recurrence of ETS such as slab morphology (Audet et al., 2010) and crustal age
(Audet and Schwartz, 2013). In a separate article, (Audet et al., 2009) suggests a direct correlation
between regular ETS recurrence time intervals and steady state fluid pressure buildup from dehy-
dration processes of the subducting slab. The released rising fluid causes precipitation sealing of the
plate boundary which is also related to ETS recurrence time intervals.

In this chapter, we investigate porosity reduction due to silica enrichment as proposed by (Au-

det and Biirgmann, 2014) and report the results of a 2D numerical model. The model predicts the
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evolution of the effective normal stress assuming a time dependent reduction in porosity, thus pre-
dicting ETS and its occurrence time. We model pore pressure development due to silica enrichment
from rising fluids in Northern Cascadia subduction zone. We focus the study on the mantle wedge
because it is believed that silica deposition occurs from these silica-rich rising fluids and not the
presence of quartz rich rocks. We present a 2D numerical model using COMSOL Multiphysics to
calculate the excess pore pressure and resulting effective stress drop. Results show that a large-scale
silica or mineral deposition event is not likely to trigger ETS, rather local pore pressure increases
are the cause, as previously proposed by (Walder and Nur, 1984).In fact, Miller and Nur, 2000 pro-
pose permeability as a toggle switch in fluid-controlled crustal processes and explain that the local
permeability can switch simultaneously from one extreme to an other. That is, high permeability
in the form of dikes, faults and cracks and impermeable in the form of tight crystalline rocks and
impermeable fault gauge/seals. The toggle switch assumption suggests that in order to model pore
pressure behavior and its consequences on the system, one cannot simply assume a homogeneous
permeability throughout the reservoir rock as it fails to represent the real fluid-controlled processes
that are described in (Miller and Nur, 2000). A better and more realistic approach is to assume a local
permeability that evolves based on the transient thermo-hydro-chemical-mechanical processes. In
our proposed model, the evolution of the local permeability is calculated from the evolution of the
local porosity due to silica precipitation in the system. We study a REV (representative elementary
volume) of the subduction zone model to really focus on the local evolution of pore pressure and
how it affects on the mechanical response (local) of the fault.

Furthermore, results suggest that excess pore pressure from silica deposition may be possible
assuming a time dependent porosity reduction rate which varies depending on the concentration of
deposited silica. It is believed that silica deposits quickly, and hence porosity and permeability suffer
a severe decrease in the mantle wedge when immediately exposed to those rising fluids, rather than
the assumption that the fluid deposits at a low steady state rate. However, faults reactivate and then
heal in an incessant cycle, so consequently the fault is subjected to slower changes in effective stress;

that is a lower recurrence times of episodic tremors and slip (ETS).
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4.3 Conceptual model

Porosity reduction due to silica deposition from dehydrating rising fluids is studied in order to
better understand fault failure potential and the consequent seismic tremor. In these low perme-
ability, low porosity systems, fluid diffusion in the subducting slab is an extremely slow process, on
the order of thousands to million of years (Audet and Biirgmann, 2014; Lee and Kim, 2021; Walder
and Nur, 1984). An intuitive approach to numerically visualize the effect of porosity reduction on
pore pressure development is to numerically model a representative elementary volume (REV) of
the problem. We model a fault and the surrounding low permeability /low porosity rock as shown
in Figure 4.1, over a 100[m] x 100[m] 2D block and apply the governing equations defined in Chap-
ter 3. This approach to modeling fluid flow in the subduction zone was adopted from previous

workKoerner, Kissling, and Miller, 2004 and shown in Figure 4.2.

FIGURE 4.1: Conceptual model of the problem. P, T, C and ¢ are the pressure, tem-

perature, silica concentration and porosity, respectively. subscripts 0, r and f represent

initial, rock and fracture conditions, respectively. L is the length of the fracture, set to 70

[m], « is the fracture inclination angle, set to 45°. Superscript eg represents equilibrium.
We also assume no flow and insulated boundary conditions.

We consider a fracture with a 45° inclination angle a and calculate fluid pressure, temperature,
silica deposition and the effective stress acting on the fault/fracture boundary assuming a temporal
evolution of porosity and permeability. Knowing the effective stress permits the study of fault stabil-
ity and its tendency to failure/reactivation. Figure 4.1 presents the conceptual model of the problem,
clearly defining the simplified geometry, the initial conditions (with the subscript 0), and boundary
conditions (subscript f is for fracture and r is for rock). We assume no flow and insulated bound-
ary conditions. Table 4.1 lists on the rock properties used for the numerical model, that differ with

those used in Chapter 3. We assume that the silica-rich rising fluid from the dehydration process
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FIGURE 4.2: (a) Conceptual model based on the work of Huene and Ranero (2003),
(b) cartoon of the pressure diffusion conditions along the lithostatic mantle or the seal
(modified from Koerner, Kissling, and Miller, 2004)

introduces a pore pressure difference of 20[MPa] and a temperature difference of 30[°C] into the rock

system (Walder and Nur, 1984).

TABLE 4.1: Rock properties for the THC model.

Initial porosity of the rock, ¢, 0.04
Initial matrix permeability, k, 10722 m?
Initial reservoir temperature, T, 300 °C

4.4 Numerical model

We numerically investigate the effects of porosity reduction on pore pressure development in a
representative region of the subducting plate using COMSOL multiphysics. We evaluate porosity
and permeability evolution, pressure and temperature variations and the resulting effective normal
stress applied on the fracture/fault boundary. Figure 4.3(a) shows the geometry representing the
subduction zone and its components: (1) mantle wedge, (2) overlying continental crust, and the
subducting slab comprised of (3) lithospheric mantle and (4)crust. Figure 4.3(b) shows the chosen
mesh distribution for the problem; triangular meshing assumed fine in the overlying continental
crust (region 2) and the lithospheric mantle (region 4), and extremely fine in the mantle wedge (region
1) and the subducting slab crust (region 3) because of their importance in fluid flow. Lee, Seoung,
and Cerpa (2021) suggest that flow from rising fluids is concentrated at regions 1 and 3 because of

the pressure and extremely favorable high temperatures.
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FIGURE 4.3: Geometry and mesh implemented in COMSOL multiphysics to model pore

pressure development in the mantle wedge. a) The blue highlighted zone is the region at

which ETS is triggered. The subduction zone is represented by 4 regions: (1) the mantle

wedge, (2) the overlying continental crust, (3) is the crust and (4) is the lithospheric

mantle. Slip is assumed in the bottom half of the blue curve on the edge. Figure b)

shows mesh distribution consisting of triangular elements with finer distribution inside
the mantle wedge (region 1) and the slab crust (region3).

4.5 Results and discussion

Pressure from dehydrating fluids is confined in the mantle wedge and the lithospheric mantle,
and precipitation of silica in those regions increases the likelihood of porosity reduction and pore
pressure build up. Figure 4.4 shows pore pressure buildup after 180 days of dehydration process
assuming a constant porosity reduction rate. We choose a length of 180 days of simulation to portray
the assumption made by Audet and Biirgmann, 2014, that possible episodic tremor and slip (ETS)
result from pressure buildup due to silica enrichment.

As it can be seen the pore pressure gradient is difficult to visualize because of the low permeabil-
ity /porosity in the system. Pore pressure diffusion clearly takes infinite time to be detected at a large
scale because of the low permeability of this high enthalpy system (Figure 4.4). Even assuming a
constant porosity reduction rate of 5x10~16[s~!] and impermeable boundary conditions, it is almost
impossible to determine any pore pressure development in excess of hydrostatic. For this reason,
we opt to represent the system at a smaller scale; a representative elementary volume (REV). We
portray the blue highlighted line along the litospheric mantle as an element volume and model the

pore pressure assuming porosity reduction due to silica enrichment. This assumption was already
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FIGURE 4.4: Pressure after 180 days of silica deposition assuming no flow boundary
conditions and a constant porosity reduction rate of 5.10~16[s~!] showing that pore
pressure diffusion is too slow to be visualized.

applied by Koerner, Kissling, and Miller (2004), who model fluid flow in the deep crust by assuming
a simplified geometry, as seen in Figure 4.2(b).

Figure 4.5 shows the (a) porosity reduction rate, (b) permeability and (c) fracture/fault aperture
evolution set for this problem. The chosen porosity reduction rate is time dependent because it
implicitly depends on the concentration of silica depositing from the rising silica-rich fluids. Fur-
thermore, rising fluid pressure and temperature conditions are assumed at the center of the fault or
fracture.

Figure 4.6 shows pore pressure development around the fracture assuming constant porosity
after 10 days, 30 days and 180 days of simulating rising fluids. Figure 4.7 shows pore pressure
development around the fracture assuming a time-dependent porosity reduction rate provided in
Figure 4.5. Pore pressure development is pronounced at the fault/fracture boundary reaches a value
of 50[MPa], which is almost 3 times larger than the introduced pore pressure difference of 20[MPa]
Walder and Nur, 1984 by the rising fluids, 180 days after silica rich fluids are introduced in the system
via dehydration processes. Fracture aperture exponentially decreases with the imposed porosity
reduction rate.

Figure 4.8 shows temperature distribution at the vicinity of the fault/fracture. Based on the re-
sults shown in Chapter 3, temperature cooling will occur faster because of the negative Darcy flow
and propagate farther. However, in this low permeability reservoir and the small temperature dif-
ference between the rising fluid temperature and the rock temperature, results show no significant

difference in the radius of temperature reduction propagation at the vicinity of the fracture/fault.
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FIGURE 4.5: Time-dependent (a)porosity reduction rate dphi/dt, (b) permeability and
(c) aperture evolution defined to numerically model the problem.

FIGURE 4.6: Fluid pressure (a) 10 days, (b) 30 days and (c) 180 days after fluid introduc-
tion via dehydration processes assuming constant porosity in the system.

Figure 4.9 shows time-dependent porosity reduction, where the critical porosity is of 0.02 (half

of the initial porosity). The region subjected to porosity reduction becomes more and more visible
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FIGURE 4.7: Fluid pressure (a) 10 days, (b) 30 days and (c) 180 days after fluid introduc-
tion via dehydration processes assuming the time-dependent porosity reduction rate as
mentioned in Figure 4.5.

with time, although porosity reduction rate stabilizes with time (value taken at the center of the
fracture/fault). Figure 4.9 shows time-dependent porosity reduction rate, with the critical porosity
is of 0.02 (half of the initial porosity). The region subjected to porosity reduction becomes more
and more visible with time, although porosity reduction rate stabilizes with time (value taken at the

center of the fracture/fault).

FIGURE 4.8: Temperature (a) 10 days, (b) 30 days and (c) 180 days after fluid introduc-
tion via dehydration processes assuming the time-dependent porosity reduction rate as
mentioned in Figure 4.3.

Figure 4.10 shows the effective normal stresses acting on the fracture/fault boundary and
vicinity assuming constant porosity, whereas Figure 4.11 shows the same variable assuming a
time-dependent porosity reduction rate shown in Figure 4.5. We assume maximum and minimum
horizontal stresses of 180[MPa] and 120[MPa], respectively. We base the values of maximum
horizontal stress on Sulem and Famin, 2009 and we choose the minimum horizontal stress based on
Peacock et al., 2011. Peacock et al., 2011 show that fault in cascadia zone is stable (closing or healing)

initially when the confining pressure is larger than 100 [MPa]. Results in Figure 4.11 clearly show the
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FIGURE 4.9: Porosity (a) 10 days, (b) 30 days and (c) 180 days after fluid introduction
via dehydration processes assuming the time-dependent porosity reduction rate as as-
sumed in Figure 4.3.

FIGURE 4.10: Effective normal stress (a) 10 days, (b) 30 days and (c) 180 days after fluid
introduction via dehydration processes assuming constant porosity.

FIGURE 4.11: Effective normal stress (a) 10 days, (b) 30 days and (c) 180 days after fluid
introduction via dehydration processes assuming the time-dependent porosity reduc-
tion rate as assumed in Figure 4.3.

effects of pore pressure development on the effective normal stress and its radius of influence. The
larger the porosity reduction rate, the smaller the effective stress and the wider its effect on fracture
stability region.

Figure 4.12 shows Mohr'’s circle for the studied fracture assuming the time-dependent porosity
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reduction rate (assumed in Figure 4.5) and a cohesionless rock and a friction coefficient of 0.6. Results
show that the fracture/fault remains stable after 180 days of fluids rising via dehydration processes.
We test Mohr’s circle again assuming a faster porosity reduction rate as shown in Figure 4.13(a) and
results show that 180 days after introducing silica-rich fluids, the effective stress crosses the failure
slope (Figure 4.13(b)), thus indicating fault slip. Note that a larger porosity reduction rate (Figure

4.13(a)) takes longer time to stabilize, in comparison to porosity reduction rate shown in Figure 4.5(a).

FIGURE 4.12: Mohr'’s circle 180 days after fluid introduction via dehydration processes
assuming the time-dependent porosity reduction rate as assumed in Figure 4.5.

FIGURE 4.13: Mohr'’s circle 180 days after fluid introduction via dehydration processes
(b), assuming a faster time-dependent porosity reduction rate dphidt (a).
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4.6 Conclusions

A long standing question about episodic tremor and slip occurrence is how porosity reduction
due to silica (as quartz) deposition can result in excess pore pressure, thus reducing the effective
stresses and triggering localised slow earthquakes. In this paper, we show that quartz depositing
from rising fluids -via dehydration processes- causes pore pressure development and fracture/fault
instability. Nevertheless, the theory stands correct under two conditions. First, it is a local prob-
lem, particularly due to the low permeability and porosity of these deep high-enthalpy reservoirs.
Second, the recurring fracture instability and healing process due to pore pressure development can
only be linked to episodic tremor and slip (ETS) if the porosity reduction rate is time-dependent and
concentration-based. A slow and steady porosity reduction rate, like what is almost always pro-
posed, will not likely cause any significant increase in pore pressure and hence any fault/fracture
instability or failure. For future studies, we encourage looking at possible ETS recurrence times
(based on v, /v values) overlap with pore pressure increase due to porosity reduction. Furthermore,
it can be interesting to visualize temperature migration in these subduction zone, taking into account
the pore pressure increase and accelerated loss in heat. Thus it is possible to visualize damage prop-
agation (tensile failure or weakening) of faults/fractures due to pore pressure development due to
the combined effects of porosity reduction and dehydrating fluids being introduced in these high

enthalpy reservoirs.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

This thesis investigates the consequences of porosity reduction in geothermal reservoirs due to
mineral deposition. Specifically, we employ modern numerical tools to investigate pore pressure de-
velopment (through porosity reduction Walder and Nur (1984)) and the resulting local fracture/fault
instability. We numerically model porosity reduction due to silica (as quartz) precipitation in hy-
drothermal systems using the sophisticated COMSOL multiphysics platform. Silica is assumed to
deposit at the injection well due to lower temperature and higher pressure and to dissolve at the
extraction well, where temperature is high and pressure is lower.

This study is divided into three sections, with each section building on the previous. The first
section studies the porosity reduction due to quartz precipitation in a geothermal doublet setting
featuring an injection well and an extraction well and low porosity, low permeability rock. We in-
vestigated different methods of estimating the porosity reduction rate, and mainly compared be-
tween a deterministic and an empirical method of calculation. The deterministic method is time-
and concentration-dependent, whereas the empirical method depends on coefficients deduced from
experimental results run on quartz samples. Results show that the porosity reduction rate from the
deterministic approach occurs more slowly than the empirical method, and revealed the importance
of porosity reduction rate, rather than the new value of the reduced porosity. That is, a faster poros-
ity reduction rate triggers an abrupt and higher pore pressure increase (in excess of hydrostatic),
and resulting in a reverse Darcy flow where fluid flows from the matrix to the reservoir. Over time,
this leads to low injectivity and underperforming doublets. Furthermore, heat is transferred from

the rock to the injection well, activating quicker temperature losses. The combined effects of pore
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pressures in excess of hydrostatic and faster temperature losses results in decreasing effective nor-
mal stress and ultimately wellbore stability. Enthalpy of silica deposition is found to have negligible
effects on temperature evolution. Finally, a simplified verification of stress and displacement shows
that the borehole is more likely to suffer tensile failure in the presence of a high porosity reduction
rates.

Building on the first section, the second section introduces fractures to the geothermal system in
a model for fracture aperture evolution in the presence of quartz precipitation. We study two mod-
els; the first model assumes fluid injection from the well into the rock through a horizontal fracture,
while the second model assumes a horizontal fracture with the injection well at the center. Fluid in
the injection well is characterized by pressure and a temperature that is lower than the rock’s tem-
perature. Fracture aperture evolution is assumed to depend on the superposition of chemical and
thermal effects. Chemical effects include silica depositing in the system under the right pressure and
temperature conditions, thus reducing both rock porosity and fracture aperture.
But is there a connection between fracture aperture evolution and the porosity reduction rate of the surround-
ing rock?
We show that fracture aperture evolution is highly dependent on the porosity reduction rate of the
surrounding rock, where the faster the porosity reduction rate, the higher the pore pressure devel-
opment (in excess of hydrostatic) at the fracture-rock interface. Furthermore, the faster the porosity
reduction rate of the rock surrounding the fracture, the larger the domain of increased pore pres-
sure development (in excess of hydrostatic). Accordingly, reverse Darcy flow occurs and thus affects
temperature evolution at the rock-fracture interface and the subsequent thermoelastic effects acting
on the fracture aperture. As the system starts to lose heat because of pore pressure development,
fracture aperture tends to increase. The initial fracture aperture decreases due to silica deposition,
followed by fracture aperture increases due to heat loss when the concentration stabilizes and poros-
ity reduction rate becomes low and constant (steady state). Furthermore, the excess pore pressure
decreases the effective stress and renders the fracture unstable. A simplified verification of the ef-
fect of fracture inclination shows that fracture inclination can respect the stability conditions under
constant porosity conditions and becomes unstable under variable porosity conditions, as seen for
inclination angles (55°-85°). Furthermore, a sensitivity study shows that a higher initial injection rate
can destabilize a wider range of fracture inclination angles(35°-85°).

The third section of this thesis investigated porosity reduction due to quartz precipitation from

rising dehydrating fluids in subduction zones with potential application to episodic tremor and slip
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(ETS). Results show that only a time-dependent porosity reduction rate (not a constant steady one)
can lead to pore pressure development in such low permeability /porosity high enthalpy systems.
Fracture instability can therefore occur assuming a time-dependent, concentration-based, porosity
reduction rate. A steady and constant porosity reduction will not lead to any pore pressure jump in
the system using the assumed boundary conditions we established. High pore pressure development
likely occurs at the local scale, which would initiate fractures that link with neighbouring regions
undergoing the same local processes. In this way, the system evolves to a larger-scale inter-connected
network of fluid overpressure. We showed that episodic pore pressure development was followed
by a decrease in the effective stress and slip of the fracture. This phenomenon can take place about

every six months, consistent observationsAudet and Biirgmann, 2014.

5.2 Outlook

Time-dependent porosity reduction and pore pressure development is a complex topic because
it involves coupled Thermal, Hydraulic, Mechanical, and Chemical (THMC) processes and interac-
tions. This thesis focused on some of these aspects using carefully established initial and boundary
conditions and studied using the COMSOL Multiphysics computational platform. Pore pressure de-
velopment from mineral deposition, and its consequences, requires additional study because of the
many nuances involved, particularly in its likely contribution to slow earthquakes.

There are many means of optimising the study of the effects of pore pressure development due
to porosity reduction. First, the porosity reduction term in the pore pressure diffusion equation pre-
sented by Walder and Nur, 1984 accounts for reversible and irreversible porosity reduction rate. We
considered only irreversible porosity reduction concomitant with mineral precipitation. Future stud-
ies linked explicitly with mechanics could include the reversible component of porosity reduction.

Additionally, more thorough modeling of fracture aperture evolution could consider the effects
of fracture stiffness and pore pressure development, which was not included in this thesis. We also
suggest improving the model by including other minerals that may be encountered in a geothermal
system and allow for a multi-mineral deposition model that accounts for a global porosity reduction
rate.

Another interesting addition to the study would be to model fracture damage propagation due
to pore pressure development in a single fracture or multi-fracture network. An example of fracture

activation and damage propagation due to fluid injection was developed by Lei, Doonechaly, and
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Tsang, 2021 and modeled using COMSOL Multiphysics. However, an extension of the study to add
a source term that depicts porosity reduction rate may be of value, especially when dealing with
a high porosity reduction rate and the consequential thermoelastic effects on the fracture aperture
evolution.

Finally, it would be interesting to model in greater detail pore pressure development and fracture
instability recurrence times. That is, model fracture or fault slip and healing recurrence in high en-
thalpy reservoirs undergoing porosity reduction due to silica deposition and compare model results

with observations (e.g.its recurrence times to that of the ETS using, for example, v,/ vs).
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Appendix A

Uncertainty Quantification for a Hydraulic

Fracture Geometry: Application to

Woodford Shale Data

A.1 Conclusions

Hydraulic fracturing enhances hydrocarbon production from low permeability reservoirs. Labo-
ratory tests and direct field measurements do a decent job of predicting the response of the system
but are expensive and not easily accessible, thus increasing the need for robust deterministic and
numerical solutions. The reliability of these mathematical models hinges on the uncertainties in the
input parameters because uncertainty propagates to the output solution resulting in incorrect in-
terpretations. Here, I build a framework for uncertainty quantification for a 1D fracture geometry
using Woodford shale data. The proposed framework uses Monte-Carlo-based statistical methods
and is comprised of two parts: sensitivity analysis and the probability density functions. Results
reveal the transient nature of the sensitivity analysis, showing that Young’s modulus controls the
initial pore pressure, which after 1 hour depends on the hydraulic conductivity. Results also show
that the leak-off is most sensitive to permeability and thermal expansion coefficient of the rock and
that temperature evolution primarily depends on thermal conductivity and the overall heat capacity.
Furthermore, the model shows that Young’s modulus controls the initial fracture width, which af-
ter 1 hour of injection depends on the thermal expansion coefficient. Finally, the probability density
curve of the transient fracture width displays the range of possible fracture aperture and adequate
proppant size. The good agreement between the statistical model and field observations shows that

the probability density curve can provide a reliable insight into the optimal proppant size.
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A.2 Introduction

Hydraulic fracturing (HF) improves the flow rate of recoverable reserves from low permeability geo-
logical formations (Economides, 2013, Valké and Economides, 1995). The process induces rock failure
by simply injecting fluid into the reservoir to counteract the in situ stresses and its tensile strength.
Such newly created fractures are maintained using proppants often mixed with the fracturing fluid.
HF is an expensive practice that requires careful design and good numerical modelling, and a prin-
cipal problem with these mathematical models is that they are based on ideal systems with physical
simplifications, thus neglecting either fracture initiation from wellbore, or near-tip effects, or fracture
aperture evolution of preexisting fractures (Abousleiman, Hoang, and Liu, 2014). Although these
simplifications facilitate the problem-solving process, they introduce sources of error that reduce the
degree of confidence in the output solution (Le Maitre and Knio, 2010). Furthermore, uncertainty is
embedded in the initial conditions, boundary conditions, geometry, and input parameters (Le Maitre
and Knio, 2010). Some uncertainties create a large variance of the output solution and contribute most
to the prediction of the degree of confidence while others have smaller effects (Wang, 2009). Here, I
address the uncertainties in shale formation properties generally calculated in a laboratory/field set-
ting. Shale is a sensitive material, easily disturbed by normal drilling techniques, and specimens are
difficult to sample, core, characterize, and test (Lashkaripour, 2002). Furthermore, well logs measure
formation properties such as Young’s modulus, Poisson’s ratio, and permeability, but well log inter-
pretation is a subjective practice, where the tools have a margin of error and the measured properties

are spatially limited. In this study, I investigate Woodford shale, a major source rock located in the

FIGURE A.1: Simplified drawing of the natural fractures in Woodford shale.

Midwestern U.S. Its low permeability makes it difficult to fully profit from its potential, making it a
perfect case study for HF. Field observations for Woodford shale (Portas Arroyal, 2009) show that its
natural fractures have a vertical dip and strike West-East with an average distance between fractures

of 1.2-1.5 (m) (Figure A.1).
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FIGURE A.2: Conceptual model for hydraulic fracturing in shale reservoir with pre-
existing natural fractures. Horizontal well injection initiates multibranch fractures. I
delimit the study to one multibranch fracture highlighted with a purple dashed box.

Hydraulic fracturing reactivates these preexisting fractures, thus creating multibranch fractures
(Figure A.2). Quantifying the effects of spatial variability in formation properties [8, 9] on the re-
liability of hydraulic fracture simulations has been studied (Lashkaripour, 2002, Amanipoor et al.,
Lashkaripour and Dusseault, 2020, Zio and Rochinha, 2012, Berrone et al., 2018) but is restricted by
simplified deterministic solutions or computational timescales of numerical solutions. The uncer-
tainty quantification for the simple linear elastic model given by (Zio and Rochinha, 2012) calculates
the range of possible fracture apertures using Monte-Carlo simulations where Young’s modulus and
the confining stress are random parameters, and they consequently reformulate the governing equa-
tions as stochastic partial differential equations (SPDEs). They adopt a stochastic collocation method
to solve these SPDEs and replace the classic Monte-Carlo methods with two different methodolo-
gies: (1) the input parameters respect a log-normal distribution function, where only the mean and
the dispersion values are used to calibrate the model, and (2) the input parameters fall within 96%
of the log-normal distribution (a method called maximum entropy). They show that the probability
distribution function of Young’s modulus and the confining stress greatly impact that of the fracture
aperture. Furthermore, (Zio and Rochinha, 2012) were inspired by (Ma and Zabaras, 2011) who de-
veloped the stochastic framework to efficiently perform uncertainty quantification for fluid transport

in porous media in the presence of both stochastic permeability and multiple scales and present the
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solution as a polynomial approximation. In a recent publication, (Berrone et al., 2018) address vari-
ability in discrete fracture network geometry using the very robust multilevel Monte-Carlo methods,
rather than the stochastic methodology claiming that the classic stochastic collocation fails to pro-
vide reliable estimates of first-order moments of the output solution due to the lack of smoothness.
In another recent publication, (Pieraccini, 2020) proposes the (MLMC) methods in conjunction with
a well assessed underlying solver to perform DFN flow simulations using Darcy flow and prove that
the method is robust enough to tackle complex geometrical configurations, even with very coarse
meshes. (Nejadi et al., 2015) address the heterogeneities in fractured reservoirs and assume that the
fracture intensity, orientation, and conductivity of different fracture sets are the uncertain param-
eters. They confer each parameter with a probability distribution and create an integrated history
matching workflow for fractured reservoirs assuming numerical methods for multiphase flow sim-
ulation, while updating the fracture properties via dynamic flow responses, such as continuous rate
and pressure measurements. They generate initial realizations using Monte-Carlo simulations and
based on observed fractures at the well locations. The automated history matching approach re-
sults in multiple equally probable discrete fracture network models, where upscaled flow simulation
models honour both the geological information and the dynamic production history. Furthermore,
(Delgado and Kumar, 2014) use uncertainty quantification for coupled subsurface flow and defor-
mation processes. They circumvent the slow convergence of the traditional Monte-Carlo methods
using an intrusive polynomial chaos expansion method for Biot’s poroelasticity equations based on
Galerkin projection with uniform and log-normally distributed material parameters. Results show
good agreement with the Monte-Carlo and ANOVA-based probabilistic collocation methods.
Although significant studies have been presented on uncertainty quantification in hydraulic frac-
turing, they are restricted to finite element schemes with defined mesh size and number of random
values. Furthermore, they focus on geometric properties or are limited to elastic formation param-
eters, rather than rank all formation properties including the thermal properties, which is covered
in this paper. The purpose here is to address formation inhomogeneity and spatial variability in
low permeability shale reservoirs and their impact on fracture response using a unique but simple
framework for uncertainty quantification comprising of sensitivity ranking and probability density
curves. Then, I test the validity of the framework on the 1D porothermoelastic analytical solution
for pressure, temperature, leak-off, and width given by (Abousleiman, Hoang, and Liu, 2014), with
application to Woodford shale data. A series of simulations demonstrate uncertainty propagation in

the deterministic solution and describe the probability density function (PDF) for the fracture width
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to explain why some proppants have higher success rates than others.

A.3 Materials and Methods

A.3.1 Conceptual model

Analytical solutions for pressure, temperature, strain and displacement are derived in detail by

(Abousleiman, Hoang, and Liu, 2014) following the 1D consolidation theory.

FIGURE A.3: The red dashed box zooms-in to two consecutive fractures and shows the

fracture geometry with the initial and boundary conditions: Ps and Ty are the fluid

pressure and temperature, respectively. Py and T are the initial pressure and tempera-
ture, respectively. The 1D solution is limited to h because of the symmetry.

Figure A.3 zooms in to a multi-branch fracture and shows how the fracture apertures are perpen-
dicular to the minimum horizontal stress 0y, i, and intersect a porous medium characterized with
an initial pore pressure Py and an original temperature Ty, and subject to fracturing fluid with pres-
sure Py and temperature T at its faces (Figure A.3). Figure A.3 also shows that the distance between
two consecutive fracture apertures is 2h, but because of the mirror symmetry, the one-dimensional
solution is constrained to the length h. Furthermore, the pore pressure gradient induces fluid leakoff
from the fracture into the formation at each fracture face, and impermeable, adiabatic, and friction-

less boundary conditions prevail at the axis of symmetry.

A.3.2 Governing Equations

The one-dimensional consolidation for transversely isotropic material is described in detail by

(Abousleiman, Hoang, and Liu, 2014), but a brief summary of the equations is presented here
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for the sake of completeness. Assuming the xy plane is the isotropic plane and the z axis is the
axis of rotational symmetry (Figure A.4), the coupled equations for pressure, temperature, and

displacement represent the response of the hydraulic fracture system.

FIGURE A.4: One-dimensional consolidation setup showing the initial and top bound-

ary conditions, where the plane xy is the isotropic plane, where the x axis has a sub-

script of 1, and the z axis is the axis of rotational symmetry with a subscript of 3. The

top, bottom and right boundaries (in bold) are assumed impermeable, adiabatic and
frictionless.

First, the analytical pressure solution is derived as:
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where h is the half distance [m], ¢ is (2m + 1) 12k [m~!], Sy is the stress boundary condition that
is the difference between the fracturing fluid pressure Pf [MPa] and the minimum horizontal stress
Simin [MPa], M11 is the stiffness coefficient [MPa] calculated from Young’s modulus and Poisson’s
ratio, B is a thermal parameter calculated from the stiffness coefficients and the solid thermal ex-

pansion coefficient [MPa deg C ~1]and & is Biot’s coefficient [1], and c1, c2, c3, c4, 71,7 are lumped
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defined as: g11 = kﬁ (% ]%) ;91 = % (% — ﬁSf) ;

Mn ) ;8" = g20811 — §12821

Where is the fluid viscosity [Pa s], k; is the permeability [m2], M is a poroelastic parameter in
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[MPa], A; is the thermal conductivity [J m1s71 deg C71], and pC, is the overall thermal capac-
ity [J/ (m3 deg C)]. Note that subscripts 1 and 3 represent the x direction and the z direction, re-
spectively. The initial and boundary conditions associated with Eqgs. (1)-(3) are given as follows:
p(x,0)=po; p(0,1) = ps; T(x,0) = To; T(0,£) = Tf; 3£ oy = 9T = 0;u(h, t) = 0.

Despite the complexity of the poro-thermo-elastic solution, one can easily identify the contribut-
ing formation properties. The theory of linear elasticity assumes the rock as a dry solid material
characterized by E, Young’s modulus [GPa] and v, Poisson’s ratio []. However, pore fluid alters the
mechanical behaviour of the porous rock, thus introducing three additional poroelastic parameters:a
Biot’s coefficient [], M Biot’s modulus [GPa] and « the mobility ratio (ratio between permeability
of the formation and viscosity of the pore fluid: k) [m? Pa~—! s7!]. In addition, the one-dimensional
anisotropic solution couples the poroelastic solution with the effects of the thermal gradient (between
the fracturing fluid and the rock formation), thus introducing thermal parameters to the solution: the
solid skeleton linear thermal expansion coefficient a;°[deg C~'] in the i direction, the volumetric
thermal expansion coefficient of the pore fluid &/ [deg C~'], the thermal conductivity of the porous
medium A; (in the x direction) [J] m~! s7! deg C~!] and the overall thermal capacity p C, [J] m~2
deg C~1!]. Finally, the anisotropic nature of shale has a significant impact on its mechanical responses
(Abousleiman, Hoang, and Liu, 2014) and is included in this study. Table 1 enumerates the formation

properties contributing to the uncertainty study for the 1D anisotropic poro-thermo-elastic solution.

TABLE A.1: Formation properties used to model the uncertainty in the hydraulic frac-
ture responses.

E; Young’s Modulus in the i direction

v; Poisson’s ratio

a;* Solid skeleton linear thermal expansion coefficient in the i direction
k1 Mobility ratio in the x direction

A1 Thermal conductivity in the x direction

pCy Overall thermal capacity

Below I detail the proposed uncertainty quantification (UQ) framework comprised of two parts:
1) sensitivity ranking to rank the input parameters by order of degree of influence on the output solu-
tion and 2) probability density function of the output solution that depicts all possible HF responses

and their corresponding likelihood.
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A.3.3 PartI: Sensitivity analysis

To analyse the propagation of uncertainties, one must study how the output solution varies when
the input variable takes on different values (Wang, 2009). Using the popular Monte Carlo methods,
one generates a set of realizations of the input data {dy,d>,ds, ...}, each characterized by a known
probability distribution law, and calculate the correspondent solution s of the model {s1, s, 53, ...},
then measure its statistics (Le Maitre and Knio, 2010). The Monte-Carlo methods have the advantage
of being robust; that is, there are no constraints on the variances of the input data and the output.
These methods are independent from the dimensionality of the random values (RVs) but require
the deterministic solution and are characterized with a slow convergence rate. Although there are
methods to increase the convergence rate such as variance reduction methods, a convergence rate of
M~1/2 governs all Monte-Carlo methods, thus requiring a large population size M (Le Maitre and
Knio, 2010, Wang, 2009). As a result, these methods are impeded by high computational cost and
time.

Sensitivity Analysis addresses the first part of the framework, where I rank input parameters by
their order of influence on the variance of the solution. One of simplest and most practical meth-
ods to perform sensitivity analysis is the one at a time method (OAT). In this method, one studies
each parameter individually to minimize the chances of computer crashes. Typically, one random
input parameter is assumed, while maintaining all others to their originally assigned values. The
sensitivity analysis is driven by this random parameter that produces a host of possible output so-
lutions. The steps for the OAT approach are listed in the below text for a deterministic solution,

y = f (xi=1, Xi=2, . . . .Xj—p,) With m input parameters.

¢ Consider x; a random input parameter that fits a defined distribution function, e.g. normal
distribution, with an assigned mean and standard deviation, and generate Nyopuiation Of 1-
Figure A.5 shows the population distribution for Young’s modulus E; [GPa] converging for

Npoputation = 15,000.
e Calculate the deterministic solution for each value of x;.
* Calculate the variance of the Ny, ,u14ti0n Values of output solution and note it as y1;
 Repeat procedure for each of the other input parameters i = [2 : m].

* Calculate the sum of the output solution y; for m values of variance. } ;" y;.
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FIGURE A.5: Monte-Carlo population simulation for Young’s modulus with
Nyoputation = 15,000 with an average of 8.21 [GPa] and a standard deviation of 1.2 [GPa]

assuming a normal distribution.

A
Zi:l Yi

the degree of influence of each input parameter on the output solution.

* Calculate the coefficient of variation for each input parameter. This coefficient represents

A.3.4 Part II: Probability density curves

Proposed methods for uncertainty quantification include the probability density function (PDEF),
where its value is always positive and its integral over the entire range of possible values equals to
one. To generate the PDF, one simultaneously introduces the high-ranking random input variables
(from first part of the framework) in the deterministic solution and fit the range of output results to
a probabilistic distribution type (normal, triangular, Gumbel, lognormal, etc...). The procedure for a

deterministic solution y = f (xj=1, Xj—3, . . . .Xi—y; ) with m input parameters is as follows:

* Select the input parameters with a high sensitivity ranking (from sensitivity analysis) as ran-

dom variables and keep the formation parameters with a negligible effect to their original value.

* Generate a population of n values for each of the selected random variables and calculate the

output solution.
* Plot the histogram of all the n output values.

e Fit the histogram to a distribution function and calculate the PDF function.
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A.4 Results

A.4.1 Woodford Shale Data

I test the proposed framework on the 1D solution with typical Woodford Shale data presented in
Table 2 (Gilliam and Morgan, 1987, Abousleiman et al., 2007, Aoudia, 2009, Sierra et al., 2010). The
transversely isotropic nature of this low permeability shale signifies that its properties depend on
the direction, where x has a subscript of 1 and z a subscript of 3 (Figure A.3), except for the linear
thermal expansion coefficient that is independent of the direction and is replaced with one value a°.
The model considers thermal effects because of the significant temperature difference AT = 60°C

between the fracturing fluid temperature (Tf = 30°C ) and the formation temperature (Tp = 90°C).

TABLE A.2: Woodford shale data used to test the sensitivity of the model to the input

uncertainties.
Mobility ratio, 1 45 m?/(Pa s)
Solid skeleton linear thermal expansion coefficient, a° 2 x 107°°C
Overall heat capacity, pC, 2.75 ]/ (m3°C)
Thermal conductivity, A4 1.4 ]/(ms°C)
Original pore pressure, p, 27.6 MPa
Original temperature, T, 90 °C
Minimum horizontal stress, 0, i, 52 MPa
Stress boundary condition, Sp 12 MPa
Fracturing fluid pressure, ps 64 MPa
Fracturing fluid temperature, Ty 30°C
Young’s modulus, Ej, E3 5.6, 4.6 GPa
Poisson’s ratios, v1, V3 0.3
Distance between vertical apertures, 2h 1.2m

However, literature review (Gilliam and Morgan 1987, Abousleiman, Tran et al. 2007, Sierra, Tran
et al. 2010) confirms a large variability in some of those properties, summarized in Table 3.

TABLE A.3: Variability of some Woodford shale formation properties from field mea-

surements.
Mobility ratio, x; 20-60 nD/cP
Solid skeleton linear thermal expansion coefficient, «*  (0.9-4.8) x 107° °C
Overall thermal capacity, pC, 2.57-2.94 ]/ (m3 °C)
Thermal conductivity, A4 0.7-14 ]/ (m s°C)
Young’s modulus, Ej, E3 6.8-9.8; 3.85-5.6 GPa

Poisson’s ratio, v1, V3 0.1-0.15; 0.23-0.3
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A.4.2 Sensitivity Analysis: Application to Woodford shale

The saturated porous medium in Figure A .4 is subjected to an instantaneous compression due to in-
jection, and as a result experiences a pore pressure jump, also known as the Skempton’s effect. The
pressure at the shale-fracture interface is the constant injection pressure Pf and consequently, the sen-
sitivity score for all parameters is zero at x=0 [m] (Figure A.6). Figure A.6 shows that the dominant
control on the initial pore pressure (Equation 1) is the elastic Young’s modulus E; with a sensitivity
score of 90%. As pressure distribution stabilizes inside the half-space, the sensitivity of the pore pres-
sure to E; decreases and other formation properties come into play, as shown in Figure A.7. Figures
A.7(a)-(c) show that as the pore pressure front diffuses inside the formation, the sensitivity of pres-
sure to E; significantly decreases and the pore pressure becomes more sensitive to the mobility ratio
x1, the thermal conductivity A1 and the skeleton linear thermal expansion coefficient a°, respectively.
The reason why thermal properties influence the pore pressure response is that the temperature gra-

dient forces the fluid and rock to contract as the cooling front penetrates further inside the half-space.

FIGURE A.6: Sensitivity ranking for pressure in the fracture at time t=0+. The instanta-
neous pore pressure jump is 90% governed by Young’s modulus E;.

Ay is the second most dominant parameter, where its influence reaches 0.09 [m] at t=15 [min]
(Figure A.7(a)), 0.12 [m] at t=30 [min] (Figure A.7(b)) and 0.18 [m] at t=60 [min] (Figure A.7(c)), and
a® is the third most dominant parameter, where its influence reaches 0.06 [m] at t=15 [min] (Figure
A.7(a)), 0.09 [m] at t=30 [min] (Figure A.7(b)) and 0.12 [m] at t=60 [min] (Figure A.7(c)).

The thermal conductivity A; sensitivity curve presents a peak that coincides with the dip in the

mobility ratio sensitivity curve for x=0.04 [m] at t=15 [min] (Figure A.7(a)), x=0.05 [m] at t=30 [min]
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[b]

[c]

FIGURE A.7: Sensitivity ranking for pressure in the fracture at time a) t=15 [min], b)
t=30 [min] and c) t=60 [min].
(Figure A.7(b)) and x=0.06 [m] at t=60 [min] (Figure A.7(c)), highlighting a lower pressure zone, as
seen in (Abousleiman, Hoang, and Liu, 2014). After 30 [min] of injection, the dip of the mobility ratio
k1 stabilizes at 48% and the peak in the thermal conductivity A; stabilizes at 38%. Figure A.7(a)-(c)
also show that beyond the pore pressure front lies a zone where pore pressure is only sensitive to E;

and x1, such as: x > 0.1 [m] at t=15 [min] (Figure A.7(a)), x > 0.12 [m] at t=30 [min] (Figure A.7(b))
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and x > 0.18 [m] at t=60 [min] (Figure A.7(c)).
I proceed to perform sensitivity ranking for the Temperature (Equation 2), where contrary to the
pore pressure, temperature is independent of any formation parameter at time t=0+, because the

temperature front takes finite time to diffuse inside the formation.

[b]

[c]

FIGURE A.8: Sensitivity ranking for temperature in the fracture at time a) t=15 [min], b)
t=30 [min] and c) t=60 [min].
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Figure A.8(a) shows that at t=15 [min], the cooling front reaches 0.11 [m] and depends on the ther-
mal conductivity A and the overall thermal capacity pC,. Figure A.8(b)-(c) show that the sensitivity
of the temperature to pC, increases while the influence of A1 continues to decrease but remains dom-
inant, with a sensitivity score of 70% for A; and for of 30% for pC, at t = 60 [min] and for x = 0.2 [m].
This is particularly interesting because while pressure depends on thermal properties, temperature
only depends on two temperature properties, where the temperature at the shale-fracture interface
(x = 0 [m]) only depends on the thermal conductivity A;. Note that the Monte-Carlo simulation for
temperature becomes smoother as the system stabilizes and reaches a steady condition. Next, the 1D
solution provides an expression for the fluid flow based on Darcy’s law, where the leakoff velocity is

the flow at the shale-fracture interface (x = 0 [m]).

FIGURE A.9: Sensitivity ranking for the transient leakoff velocity [m/s].

Figure A.9 shows that the leakoff velocity is most sensitive to the mobility ratio x; and the thermal
conductivity Aq, with a sensitivity score of 90% and 10%, respectively. Finally, the fracture width is
the displacement at the shale-fracture interface, x = 0 [m] (Equation 3). Similar to the pressure
(Figure A.6 (a)), fracture width is initially (f = 0+) most sensitive to the elastic Young’s modulus E;
(Figure A.10), but because thermal effects are factored in the rock deformation process, the influence
of E; decreases with time, while the linear thermal expansion coefficient «°, the mobility ratio x; and
the thermal conductivity A; start to play a larger role in the displacement solution. Figure A.10 shows
that after 60 [min], the fracture width becomes most sensitive to a® (75%), followed by x1 (12%), A4
(9%) and E1(3%).

Table A.4 summarizes the formation properties with a high sensitivity ranking. I consider the
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FIGURE A.10: Sensitivity variation of the fracture width [mm].

parameters with Y attribute for this second part and generate the probability density functions to

quantify uncertainty in the output solution.

TABLE A.4: Sensitivity analysis summary showing which input parameters influence
the solution. Y is for yes and N is for No. Output Parameters

Output Parameters

o’ Ei E3 1 v A pC K
Pressure Y Y N N N Y N Y
Temperature N N N N N Y Y N
Leakoff N N N N N N N Y
Fracture width Y Y N N N Y N Y

A.4.3 Probability Density Functions: Application to Woodford shale

Figures A.11(a)-(c) show the probability density functions (PDFs) of the pore pressure response (con-
sidering the simultaneous variability of the four parameters indicated with Y in Table 4), at times
t = 15 [min], 30 [min] and 60 [min], respectively. The pore pressure variability fits a normal distribu-
tion function, where the pressure is fixed at 64 [MPa] at the shale-fracture interface, x = 0 [m]. That
is, PDF at this boundary is 100% and is not included in the plots.

Figure A.11(a) shows that the transient pore pressure front diffuses from the boundary and
reaches a depth of x = 0.1 [m] at ¢ = 15 [min], to stabilize at a pressure range of 30-35 [MPa], for
x >0.1[m], which corresponds to the pore pressure jump felt in the porous medium at t = 0. Figure

A.11 (b) shows that the pressure diffusion reaches 0.15 [m] and Figure A.11 (c) shows diffusion
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[b]

[c]

FIGURE A.11: Probability density functions for pressure at times a) ¢ = 15 [min], b)
t = 30 [min] and ¢) t = 60 [min].

reaches 0.2 [m]. Also, it is important to talk about the standard deviation because it indicates the

amount of dispersion or variation observed in the population (Kanj, Abousleiman, and Ghanem,
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2003). The pressure PDF follows a normal distribution function and has the highest standard
deviation at t=15 [min], which decreases with time, where the PDF curve becomes sharper at 30
[min] and 60 [min]. Figures A.12(a)-(c) show the probability density functions (PDF) of the thermal
diffusion, assuming a random thermal conductivity A; and a random overall heat capacity pC, ,
calculated at times t = 15 [min], t = 30 [min], and t = 60 [min], respectively. Like pressure, PDF of
the temperature at the shale-fracture boundary is 100% (constant injection temperature of 30 [°C])
and is not included in the plots. The thermal diffusion front fits a normal distribution function
and shows that the temperature of the porous medium decreases as a cooling front progresses
deeper inside the medium to reach a depth of about 0.13 [m] at t = 60 [min] (Figure A.12(c)). The
temperature also follows a normal distribution PDF, where its standard deviation, contrary to the
pore pressure, does not seem to decrease with time. Figure A.13 shows the transient PDF of the
leakoff velocity characterized by a normal distribution function. The leakoff velocity is the Darcy
flow at the shale-fracture interface, which depends on the pore pressure gradient and is highest in
the beginning of the injection 1.5x10-3 [m s '] and slows down to 0.3x10-3 [m s~ !] after 30 [min] of
injection, as the pressure gradient nears zero.

Finally, Figure A.14 shows the PDF of the transient fracture width, assuming the variability of the
four input parameters (Table A.4) for time interval [0,60] [min]. The mean fracture width is 0.72 [mm]
att = 0" and 0.84 [mm] at t = 60 [min]. All possible values of fracture width fit a normal distribution
and fall within a narrow range with a standard deviation of ¢ = 0.04 [mm] at = 0T, then the range
of variation widens, and the standard deviation is ¢ = 0.15 [mm] at t = 60 [min]. The reason for
this is that, at early times the fracture width evolution is an elastic problem, depending primarily
on one parameter Young’s modulus E;, and with time becomes a poro-thermo-elastic problem that
depends on both the thermal and hydraulic properties, therefore simultaneously considering random
parameters (Young’s modulus E;, linear thermal expansion coefficient «°, the mobility ratio x; and

the thermal conductivity A4).

A.5 Discussion of Findings

When ranking the parameters by order of influence on the solution, one must pay attention to the
parameters with high variability as this may affect the sensitivity score. In this problem, the mobility
ratio, thermal conductivity and thermal expansion coefficient are high variability parameters (Table

A.3) and are also the dominating parameters for the pressure solution (Figure A.7). Although high
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[b]

[c]

FIGURE A.12: Probability density functions for temperature at times a) ¢ = 15 [min], b)
t = 30 [min] and ¢) t = 60 [min].
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FIGURE A.13: Probability density function of the leakoff velocity at different for time
interval t = [0,60] [min].

FIGURE A.14: Probability density function for fracture width at different for time inter-
val t = [0,60] [min].
variability affects the sensitivity score, it does not eliminate the reliability of the method, because
its main purpose is to rank the contributing parameters, as can be seen in Figure A.8 where pC,

does not have a large variability but is the second most important parameter in the temperature
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solution. Results also show that temperature takes longer than pressure to stabilize in the system,
clearly depicted in the resonance of the sensitivity curves in Figure A.8. While at 30 [min] the pressure
sensitivity ranking curves stabilize, the temperature ones stabilize only at 60 [min]. Figure A.9 shows
that the sensitivity ranking for the leakoff velocity, that is Darcy flow at the shale-fracture interface,
depends primarily on the mobility ratio, where its sensitivity score remains constant after 5 [min],
thus indicating that the pressure gradient tends to zero and consequently generates a slow leakoff.
Figure A.10 shows that the fracture width evolution depends initially only on the elastic parameter
E;, and with time becomes mainly driven by thermal effects and depends primarily on the thermal
expansion coefficient a® of the rock. Figure A.11 shows that the applied excess pore pressure at the
shale-fracture interface leads to an instantaneous pore pressure jump in the medium with a variability
of [30-35] [MPa], and then as time progresses, pressure diffuses further and deeper into the formation.
We can also note that the normal distribution of the PDF of the pressure becomes narrower with
time, meaning that as time progresses, the effects of the variability in formation properties decreases.
Figure A.12 clearly shows the temperature diffusion, where the cooling front reaches x < 0.08 [m]
after 15 [min] and x < 0.12 [m] at 30 [min] and x < 0.175 [m] at 60 [min]. Results also show that the
standard deviation of the temperature PDF is independent of time. Further, Darcy flow at the shale-
fracture interface (the leakoff) stabilizes after 20 [min] (Figure A.13), thus meaning that pressure at the
boundary is reaching a constant value. Finally, the PDF of the fracture width (Figure A.14) provides
its range of possible values and corresponding likelihood, which in turn determines if proppants will
fit inside the created fracture. Figure A.15 shows the “most likely” fracture width for three different
time steps, t = 07, t = 30[min]and t = 60[min]. Because of the thermal gradient at the shale-fracture
interface, fracture width is continuously widening to reach a range of 0-1.5 [mm] after 60 [min] of
injection, which means that one must wait before pumping proppants to profit from this mechanism.
(Abousleiman, Hoang et al. 2014) found that fracture aperture can be as much as 70% larger when
the temperature gradient at the interface is 60 [°C], contrary to when the rock and the injected fluid
have the same temperature, in which case the fracture width starts to decrease shortly after pumping.

A proper combination of fracturing fluid and proppant kind/mesh size is paramount for a suc-
cessful fracture job. The industry designs proppants to migrate far enough, thus maintaining a suffi-
cient length/width of the fracture, and to keep the induced hydraulic fracture open, thus providing
good fracture conductivity. According to API standards two types of proppant mesh/size are pri-
marily used in the field: Djj/49 with a diameter of 0.69 [mm] and D,y 7 with a diameter of 0.33

[mm]. I test the agreement between the width PDF and the industry preferred proppant mixture of
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FIGURE A.15: Probability density function of the fracture width at different time steps.

Digp (0.152 [mm]) (60%) and Dy 79 (40%) and find that the probability that the proppants and Dy 7
will fit inside the fracture at t = 07, is 63% and 100%, respectively (Figure A.16). Consequently, the
mixture of 60% D1gg and 40% Dy ,79 has a probability success rate of 100%, which is observed in the

field.

Figure A.17 shows the PDF for the fracture aperture at t = 60 [min], where the probability that
the proppants Dyg,49 and Dyg,7 will fit the fracture is 68% and 96%, respectively. This explains the

success rate of the 60% D1gp and 40% D,y mixture even at larger times

A.6 Conclusions

I investigate here two important parts of uncertainty quantification in hydraulic fracture responses:
sensitivity analysis and probability density functions. The study examines the impact of the uncer-
tainty in the formation properties on the one-dimensional problem output solution. The analysis
indicates that a large variability in the formation properties propagate a large uncertainty in the frac-
ture responses, most importantly the fracture width. The result is consistent with field observations
of successful proppant size, thus proving that uncertainty quantification for fracture width can be a

powerful decision-making tool to seek critical proppant mesh/size. Nevertheless, the investigated
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[b]

FIGURE A.16: PDF of the fracture width at t=0+. The probability of the proppant to fit
inside the created fracture width is represented by the hashed area. Success rate of (a)
63% for D20/40 and (b) 100% for D40/70.

problem has some limitations. First, the one-dimensional solution is limited to model the flow of a
Newtonian fluid with a constant viscosity, independent from both pressure and temperature. Fur-

ther, we assume the fracturing fluid pressure and temperature inside the apertures to be constant
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[b]

FIGURE A.17: Probability density function of the fracture width at t = 60 [min]. The
probability of the proppant to fit inside the created fracture width is represented by the
hashed area. Success rate of 68% for D20/40 and 96% for D40/70.

throughout the stimulation period and only address the leakoff and heat transfer from the fracture
into the formation. Secondly, despite the simplicity of the Monte-Carlo methods and their robustness,

they have the disadvantage of a slow convergence rate and consequently require a large sampling of
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the stochastic (or random) input parameters. To determine the variability induced on the solution,
one must repeatedly calculate the solution with the generated population of random input param-
eters. Furthermore, these methods are limited to the local variability of the solution because the
impact of the input uncertainties is not simultaneously considered (one at a time) to avoid long com-
putation times and computer crashes. In conclusion, uncertainty quantification (UQ) is a large field
of study where some methods may be more effective than others depending on the complexity of the
problem. The choice of the optimum statistical method is usually achieved through trial and error
and past literature review. Other statistical methods characterized by lower computational time and
population size include the spectral methods and dimensional analysis and are worth further devel-

oping with application to hydraulic fracturing.
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