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Abstract

Hydrothermal systems and geothermal reservoirs are of major interest for natural and
engineering sciences. Their fascinating complexity spurs multidisciplinary efforts for supplying
society with heat and electricity production. Their applications require the correct simulation of
fluid dynamics and thermodynamics processes in fractured media, and many of these media
host a certain degree of complexity. This thesis aims to understand the heat transfer and fluid
dynamics within a newborn geyser system, named Lusi, which began erupting in 2006 in East
Java, Indonesia.

Geyser systems are ubiquitous, with a wide-range of processes, making the development of a
general model difficult. My goal is to establish 3D conceptual and numerical models capable
of simulating fluid dynamics and thermodynamics within large-scale geyser reservoirs such as
the Lusi region, considering porosity and permeability evolution through time. These models
can also address a number of other renewable applications, including Enhanced Geothermal
Systems (EGS) and CO2 sequestration (Carbon Capture and Storage CCS).

I developed a new mesh algorithm to create hexahedral octree meshes to transfer the structural
geological information using binary space partitioning (BSP) of the input geometry and octree
refinement on the grid. The algorithm provides a new method for hexahedral mesh generation
for any 3D numerical simulations to quantify Thermal-Hydraulic-Mechanical-Chemical
(THMC) physical processes.

Further, I present a new high performance 3D tool using Graphics Processing Unit (GPU)
workstations or cluster technology. The physical processes implemented into the code are those
associated with deep hydrogeological complexes where high fluid pressures generated by
dehydration reactions can be sufficient to induce hydro-fractures that significantly influence
porosity and permeability structures within geological formation.

Finally, I use the developed numerical models to investigate Lusi using 3D geological context
and complexity with multiphysics processes considering High Performance Computing (HPC)
on parallel computing. I present the first 3D numerical model of the Lusi geyser system using
multi-GPU technology.

Key words:

High Performance Computing (HPC), Graphics Processing Unit (GPU), 3D Numerical
Modelling, Adaptive Mesh Refinement, Geyser, Hydrothermal Systems, Geothermal
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Résumé

Les systémes hydrothermaux et les réservoirs géothermaux sont d’un intérét majeur pour les
sciences naturelles et les sciences de I’ingénierie. Leur fascinante complexité intéresse de plus
en plus les recherches multidisciplinaires en relation avec la société actuelle pour la demande
d’approvisionnement de chaleur et d’¢lectricité. Leur application nécessite la simulation exacte
des processus liés a la dynamique des fluides et de la thermodynamique du sous-sol, ceux-ci
pouvant étre relativement complexes. Le but de ce travail est de comprendre le transfert de
chaleur et la dynamique des fluides contrdlant le fonctionnement d’un geyser nommé Lusi. Ce
systéme prit forme, en 2006, sur I’Est de 1’1le de Java en Indonésie.

Les geysers sont répandus a travers le monde et engendre des processus physiques multiples et
difficiles a comprendre. Le développement de modeles pour les étudier est trés complexe. Mon
but ici, est de créer des modéles conceptuels et numériques en 3D, a grande échelle, capables
de simuler la dynamique des fluides et la thermodynamique de ces systémes en tenant compte
de I’évolution de la porosité et la perméabilité de la roche du milieu. Ces modéles peuvent aussi
étre mis en pratique pour des applications renouvelables tel que les systemes géothermaux
stimulés (EGS) et la séquestration du CO2 (CCS).

C’est pourquoi, j’ai développé un nouvel algorithme pour la création de meshs hexahedraux qui
transfere 1’information structural de modele géologique dans un grid numérique, en utilisant
une méthode de « Binary Space Partitioning » (BSP) et d’« octree refinement ». L’algorithme
fournit une nouvelle méthode pour la création de meshs hexahedraux pour tous types de
simulations numérique en 3D quantifiant les processus physiques Thermique-Hydraulique-
Mécanique-Chimique (THMC).

Par la suite, je présente un nouvel outil 3D de « High Performance Computing» (HPC) se basant
sur la technologie des « Graphic Processing Units » (GPU). Les processus physiques
implémentés dans le code sont associés aux systémes hydrogéologiques profonds et complexes
ou les fluides sous-pressions génerent une réaction de déshydratation de la roche suffisante pour
induire de I’hydro-fracturation. Ces processus influencent fortement les structures de la porosité
et de la perméabilité au sein méme des formations géologiques.

Au final, pour comprendre Lusi, il me faut faire appel aux modeles numériques développés,
tout en tenant compte du contexte géologique et de sa complexité. De ce fait, j’utilise des
techniques informatiques de « High Performance Computing (HPC)» pour procéder aux calculs
des processus multiphysiques. Dans ce travail, je vous présente le premier modéle numérique
en 3D du geyser Lusi utilisant la technologie de GPU multiples en parallles.

Mots clés:

Calcul a haute performance (HPC), Processeur Graphique (GPU), Modélisation Numérique 3D,
Raffinement de Maillage Adaptif (AMR), Geyser, Systémes hydrothermaux, Réservoirs
Géothermiques, Lusi
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Motivations

“Success consists of going from failure to failure without loss of enthusiasm”
- Winston Churchill

Think globally, act locally (Geddes, 1915). Understanding nature for human needs is a current
topic where human society is finally taking into account that our mother Earth can help us to
survive. Hydrothermal systems and geothermal reservoirs can be used for heat and energy
supply concerning the energy need in relation to the entirety of humanity during the next
century (Photo 1). However, understanding the design of power plants and modelling of such
large scale and complex hydrogeological system poses significant technical issues in assessing
their risks and consequences. Deep hydrothermal systems or geothermal reservoirs involves
several physical mechanisms. Therefore, complete simulation and modelling of these complex
systems requires the coupling of many processes, including fluid flow, thermal and geochemical
effects, and the transport of multiple reactive chemical types at multiple temporal and spatial
scales. On the other hand, the reliability of these predictive simulations is adversely affected by
poor conceptual models and by limitations in site characterization data. Moreover, these models
require a large number of parameters to be determined. Thus the development of accurate,
efficient and robust simulation tools supporting hydrogeological and geothermal efforts
represents a formidable modelling challenge. In this thesis, I present a series of articles with
mathematical formulations of computational models entailing coupled and nonlinear flow, mass
and heat transportation, and deformation in heterogeneous geological media. In addition, I
present ensemble-based simulators using High Performance Computing (HPC) which can be
powerful tools to understand such natural or engineered systems.

Photo 1: The Svartsengi geothermal power plant by the Blue Lagoon in Iceland.
(Photograph: Paul A. Souders, Corbis)
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Motivations

Groundwater in geological process formations is driven by capillary trapping, dissolution, and
geochemical mineralization under highly permeable or impermeable hydrogeological
formations. Assessment, design, and monitoring of these activities involving subsurface
reservoirs and aquifers require large-scale simulations of physical processes over long time
periods. Predictive computational models may be the only means to compensate for the lack of
a complete characterization of the subsurface environment, the multiple scales of the various
interacting processes and the need for long time predictions. Modelling and simulation of
hydrothermal systems or geothermal reservoirs are a difficult challenge for numerical
modellers. There are several reasons for these difficulties, including the need for higher order
algorithms, conservation of mass locally, large time steps, and numerical diffusion. Likewise,
simulating multiphase flows in geologic formations requires a better understanding of phase
behavior. The effects of temperature, pressure, and salt concentration on interfacial tension and
its effect on hysteretic relative permeability and capillary pressure, porosity and permeability
evolution, are among the current challenges that scientists and engineers face in the
development of models of fluid flow in porous media. Due primarily to their inaccessibility,
subsurface formations are poorly characterized, so techniques for estimating model parameters
and for quantifying uncertainty are additional challenges numerical modellers must face. These
difficulties are essential to overcome for all geosystems, but particularly for modelling
hydrothermal systems and geothermal reservoirs in deep geological formations, which is the
focus of this thesis.

The consequences of hydrothermal systems and geothermal reservoirs depend on a complex set
of interactions in which phase behavior and flow are coupled with geochemical and
geomechanical processes that are far from equilibrium. They are under extreme heterogeneity,
and exist over a wide range of timescales. Moreover, fluid properties such as diffusion, density,
viscosity, and interfacial tension are keys to modelling and understanding the importance of
different mechanisms for short-term and long-term geothermal behaviors across the different
scales. In this thesis, through several articles, I discuss mathematical and computational
formulations for describing reservoir characterization and evaluation of long term natural
hydrothermal systems, as well as current computational capabilities and challenges. Validation
is demonstrated by providing comparisons with field scale observation.

Thesis structure

This thesis is organized in 6 chapters. Chapter 1 gives a brief introduction of the theoretical and
numerical background used for hydrothermal systems and geothermal reservoirs using HPC.
Chapter 2 presents an advance 3D meshing tool, to numerically discretize any 3D geological
models, which can be used in any numerical simulator based on Finite Difference (FD), Finite
Volume (FV) or Finite Element (FE) methods. Chapter 3 introduces a 3D numerical simulator
using multi-GPU technology for simulating the main physical processes in deep hydrothermal
systems or geothermal reservoirs. Chapter 4 and 5 treat the application of the two numerical
tools, using High Performance Computing (HPC) technology, developed above with an
application on a real case study in East Java, Indonesia where a geyser named “Lusi” came into

18



Motivations

existence twelve years ago. Finally chapter 6 presents the conclusions of this thesis and outlooks
towards future research possibilities.

This cumulative thesis is organized as a series of papers submitted to international journals
linked to computational and geothermal sciences. Each chapter from two to five are complete
articles.

Chapter 2:
HULK: Simple and fast generation of structured hexahedral meshes for
improved subsurface simulations

Short for Hexahedra from Unique Location in (K)convex Polyhedra: HULK. This chapter
introduces a simple and efficient algorithm to generate hexahedral meshes from generic STL
files describing a geological model to be used in simulation tools based on the finite element,
finite volume or finite difference methods. Using binary space partitioning of the input
geometry and octree refinement on the grid, a successive increase in accuracy of the mesh is
achieved. I present the theoretical basis as well as the implementation procedure with three
geological models of varying complexity, providing the basis on which the algorithm is
evaluated. HULK generates high accuracy discretizations with cell counts suitable for state-of-
the-art subsurface simulators and provides a new method for hexahedral mesh generation in
geological settings.

Chapter 3:
GEYSER: 3D thermo-hydrodynamic reactive transport numerical simulator
considering porosity and permeability evolution on multi-GPU technology

GEYSER, an acronym for GPU cluster computing for Enhanced hYdrothermal SystEms with
Reactive transport, is a 3D simulator that includes porosity and permeability evolution for mass
and heat transport processes in fractured geological media. The simulator also includes mass
porosity and permeability evolution in response to dehydration reactions of hydrous minerals.
GEYSER utilizes a finite difference scheme to solve the governing PDEs associated with 3D
large-scale hydrothermal systems or geothermal reservoirs. This tool is a high performance
code using Graphic Processing Units (GPU) workstations or cluster technology. The physical
processes implemented into the code are those associated with deep hydrogeological complexes
where high fluid pressures generated by dehydration reactions can be sufficient to induce hydro-
fractures that significantly influences the porosity and permeability structures within geological
formation. The governing equations are described and implemented, and applied to a simplified
3D model of a magmatic intrusion at depth underlying a deep sedimentary cover. Close to ideal
weak scaling is demonstrated on GPU clusters with up to 128 GPUs. The numerical model can
be used to investigate and understand coupled and time-dependent hydromechanical and
thermodynamic processes at high resolution of the 3D computational domain. Applications
include the hydrogeology of volcanic environments or exploitation of sediment-hosted
geothermal resources. The code can be also suited for porosity and permeability evolution
regarding pressure and temperature reaction rate to rock decarbonization for CO2 sequestration
in deep sedimentary formations.

19



Motivations

Chapter 4:
Numerical modelling of the Lusi hydrothermal system: Initial results and
future challenges

In East Java, Indonesia, the Lusi mud eruption is an active clastic-dominated geyser and a
sediment-hosted hydrothermal system that has generated wide interest across many disciplines.
In this chapter, I show that this moderate-to-high enthalpy system is driven by multiphase and
multicomponent processes, fluid and rock mechanics, and heat transport processes, all which
present challenges in developing realistic numerical models of the underlying physics. I develop
a hydrogeological conceptual model for this deep and complex hydrothermal system, and
construct an appropriate 3D geological model using the available data. This geological model
then serves as the basis for numerically simulations that include some of the dominant processes
driving Lusi. I adopt a flexible continuum approach with an efficient numerical simulator based
on the 3D geological model representing the deep structures of this hydrothermal system and
geothermal reservoir by incorporating borehole information and seismic data obtained in the
framework of the LUSI Lab project. The geological model is transformed into a computational
grid using binary space partitioning (BSP) of the input geometry and octree refinement on the
grid to perform multi-physics simulations. Thermodynamic calculations using the equation of
state for a COz-bearing aqueous NaCl solution suggest that Lusi is a two-phase flow system
(Water/COz). Finally, I present initial results from a simple hydro-mechanical multiphase
numerical model that simulates processes that likely contributed to the initiation of Lusi.

Chapter 5:
Multi-GPU based 3D numerical modelling of the Lusi geyser system in Java,
Indonesia

This chapter presents a fully coupled 3D model of the Lusi hydrothermal system with clay
dehydration and considering mass and heat transport for calculation of the evolution of the
fluids outflow over time at the Lusi site. I use multi-GPU parallel processing to efficiently
calculate the 3D time evolution of pressure, temperature, porosity, permeability and water
liberation in deep hydrothermal system at large-scale and at high resolution. Simulations
indicate that high-pressure fluids are generated by dehydration reactions and can be sufficient
to induce hydro-fractures that significantly influence the porosity and permeability structures
within geological formations. This phenomenon is essential to understand the Lusi system in
3D, because a long term increase in temperature due to hydrothermal groundwater flow and in
fluids outflow may have a considerable impact for the engineering maintenance of the Lusi site
during the coming years. These processes combined with High Performance Computing (HPC)
are fundamental for time evolution of such system as natural interest and potential geo-resource
development for the surrounding population. I conclude the chapter with an outlook for prospect
development and main attentions needed for the future.
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1. Introduction

"My dyslexia allowed me to be bad at everything ... and to understand those with
difficulties.”

Nobel Prize in Chemistry 2017, Prof. Dr. Jacques Dubochet






1. Introduction

1.1 Hydrothermal systems and geothermal reservoirs

Hydrothermal systems and geothermal reservoirs are driven by the Earth’s interior (Figure 1).
It may be stated that the planetary crust, about 6 km thick under the ocean and as much as 35
km under continents, is underlain by the mantle passing down into the core. The plate tectonic
model in which the planetary surface, including the sea floor, is divided into several rigid plates
in motion relative to each other (Press & Siever, 2004).

outer core (liquid)
nickel-iron

mantie - ultramafic rock

crust (6 to 35 km)
granitic under continents
and basaltic under oceans

Figure 1: Divisions in the Earth’s interior with mantle convection and its relation to plate
tectonics (Colman-Sadd and Scott, 1994).

The driving mechanism for plate motion is not fully understood, but seems to be connected with
convective movements in the mantle (Figure 2). The internal heat of the Earth is the source of
energy. The terrestrial heat flows occur along the spreading and converging plate boundaries.
The mass transfer of heat by magmas generated from the mantle carries heat to shallower levels
of the crust. Hydrothermal systems and geothermal reservoirs are developed from such heat
sources.

subduction mid-ocean
volcanoes\ ¢ 2zone ridge

Figure 2: Mantle convection driving the mechanism of plate motion (Colman-Sadd and Scott,
1994).
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All prospective high enthalpy geothermal regions of the planet are to be found within belts of
geologically young volcanism and crustal deformation produced by lithospheric plates in
motion (Figure 3).

My -

Figure 3: Hydrothermal systems, geothermal reservoirs, volcanic regions, folded mountain
zones of the Earth are represented (red dots) on this map (Smithsonian Institution, 2017).

1.2 Conceptual models

Geothermal resources can be classified by enthalpy. Enthalpy is the measure of energy in a
thermodynamic system. It can be grouped in two categories:

e Low-enthalpy systems (water-dominant)
e High-enthalpy systems (water/steam-dominant, T® > 150°C reservoir directly heated by
magma)

After several meters through the Earth or even in specific tectonic conditions (e.g. hot springs),
we find ourselves in the presence of low enthalpy systems, where the underground temperature
is constant and, it is possible to extract or store thermal energy for heating or even cooling
(Figure 4). The groundwater is a crucial criteria for which kind of engineered system should be
used for the exploitation of this energy. Indeed, the groundwater increases the thermal
conductivity of the ground and allows a better energy extraction from underground. If the
condition for energy production is not reached, we need to enhance deep hydrothermal systems

24



1. Introduction

using a petrothermal process called EGS (Enhanced Geothermal System) which today has
gained wide interest across many disciplines for the production of electricity.

Shallow hydrothermal system Hydrothermal system Deep hydrothermal system Enhanced Geothermal System (EGS)

Figure 4: Different sorts of engineering hydrothermal systems in low enthalpy conditions
(modified after, Suisse Energie, 2017).

In contrast, high enthalpy systems (e.g. hot springs, sediment-hosted hydrothermal system or
geysers) are driven by groundwater in deep geological processes near volcanic complexes or
active tectonic zones (Figure 5). These systems are very efficient due to their high temperature,
hydrological flow and steam produced by the underground. The production of heat or electricity
can be made “easily” with a production of several gigawatts from one power plant.

TS |
ARSI b Mu:i POOS Heated surface water

Warm or hot springs

Figure 5: Hydrothermal system in high enthalpy conditions (ISOR, Iceland Geosurvey).
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The physical behaviors of hydrogeological processes are the same in both cases. The physics
for low and high enthalpy systems are similar, with different level of complexity. Thermal,
hydrodynamics, mechanical or chemical processes involved in both systems have to be studied
in the same way to gain better knowledge of our underground.

The complexity of such systems is interesting for many different scientific disciplines, but the
difficulty is to achieve a good comprehension of the underground and the heated groundwater
flow. Numerical modelling becomes a powerful tool to include most of the relevant physics in
these processes and catch the complexity of hydrothermal systems or geothermal reservoirs
(Figure 6).

Porosity,
Permeability

Geomechanics

Stress, Strain
Force Equilibrium

Fluid Flow

Darcy’s Law
Mass Balance

Advective Heat

F-dependent T Transport
reactions
Concentration
¢ changes
Chemistry
Fa
Reaction Kinetics o,

T-dependent

reaction

Heat Transport

Thermal Expansion

Fourier's Law

o
-

Frictional Heating Heat Conservation

Figure 6: Schematic representation of the coupled thermal-hydrodynamic-mechanical-

chemical (THMC) processes relevant in hydrothermal systems or geothermal reservoirs.
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1.3 Numerical modelling of flow and transport for fluid
dynamics in geological processes

Fundamental hydrogeological and geothermal concepts derive from groundwater motion
equations. The physical behavior of large-scale hydrothermal systems or geothermal reservoirs
entails coupled and nonlinear flow, mass and heat transport, and deformation in highly
heterogeneous geological media. These complex systems depend mainly on numerical solutions
coupled with partial differential equations (PDEs) and complementary equation of state (EOS).
For decades, natural and engineering sciences have seen a growth of computational power for
numerical models which have eliminated or minimized various simplification like physical
processes, 3D structures of conceptual models or time scale assumption. Hydrothermal systems
have immense scientific and engineering significance and have been studied with many
disciplines to understand their geothermal potential (e.g. Bowen, 1979; Ingebritsen et Sanford,
1999; Ingebristen et al., 2010; Jeanne et al., 2014; Karyono et al., 2017; Lizarralde et al., 2010;
Mazzini et al., 2012; Pruess, 1991; Svensen et al. 2009; White, 1957). The physical
understanding of these deep complex systems is challenging where data acquisition is difficult
or sometime impossible and where numerical modelling is the “cheapest” and “fastest” way,
compared to deep borehole campaigns, to understand what occurs at depth.

1.3.1 Mathematical model for fluid flow

Natural convection is the phenomenon of fluid flow driven by density variations in a fluid
subject to body forces. Therefore, there are two necessary conditions to be met in order to obtain
natural convective flow. Firstly, the existence of density variations within the fluid and secondly
the fluid must be subjected to body forces. Density is a function of pressure, temperature or
solute concentration (in the case of a binary mixture) and its variation with respect to pressure
is much smaller than that with respect to temperature or concentration. Hence, the convection
can be driven either by temperature variations or by variations in solute concentration or by
both. The solute or heat transport equation should be included in the model and should be
extended as well to account for the solute effect on density. The formulation of the governing
transport equation is expressed in terms of fluid pressure, temperature or concentration. It has
to be assumed that the system is in thermodynamic equilibrium, heat conduction is predominant
in the rock and can be described by a bulk thermal conductivity and that capillary pressure
effects are negligible (Bear, 1972). The subscripts s’ and ’f”’ refer to the solid and the fluid
phase.
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1.3.1.1 Mass conservation

The basic equation describing filtration of a fluid through a porous medium is the continuity
equation which states that mass is conserved:

0dp _ _g.
- =V (pv) g

(1.1)
where ¢, p, v, ¢ are the porosity (volume fraction of fluid) [—] , the density [%] , the velocity

k .
[?] and a source term [?g] respectively.

1.3.1.2 Conservation of momentum

The Navier-Stokes equations govern the conservation of momentum, but for low velocity flow
in porous media, the conservation of fluid momentum is expressed by the Darcy’s law:

kV
V=—-—
VP

(1.2)

where k [m?] is the permeability, y the fluid viscosity Hand p [Pa] is the fluid pressure.

s
For well-sorted, unconsolidated granular porous media, the terms porosity and permeability are
correlated and expressed by the Kozeny-Carman equation (Carman, 1956):

3
k=
5s5(1 — ¢)?
(1.3)
where s is the solid surface exposed to the fluid per unit volume of solid matrix.

In hydrogeological settings the permeability can vary over a large range. Many authors consider
it as stress and pressure dependent (e.g. Caricione and Tinivella, 2001; Miller et al., 2004; Rice,
1992). These studies use an exponential function of permeability in dependence of normal stress
On:

On
k =k, -exp(_"_o)
(1.4)

where kj, is the permeability at zero stress, gy is a scaling constant and o;, can be expressed with
maximal and minimal principal stresses oy , 03 and dip angle 6:
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0yt 03— 2P 01— 03
2 2

On cos(26)

(1.5)

Substituting Darcy’s equation (1.2) into the mass conservation equation (1.1) and considering
the gravity force:

0@ _v. (A ko, _
e =V (PMVP pg)+q
(1.6)
The left hand side of this equation may be given as:
o(¢p) _ 3¢ dp
ot Pac” P
(1.7)

Porosity and density are function of pressure only at a constant temperature, the expressions are
expanded such that:

dp d¢dp
ot dp ot
(1.8)
and
dp 0pdp
ot  dp ot
(1.9)

The pressure dependence of the porosity is given through the rock compressibility B, [Pa™1] at
constant temperature:

B, = %(Z—Z’)T

(1.10)

A comparable definition can be defined for the fluid compressibility B¢ [Pa~1] at constant

g = 1(6V) _ 1(6p)
= v\ep/,~ p\ap/,

temperature:

(1.11)
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Where V' is the volume occupied by the fluid. After substitution of these relationship into
equation (1.6) and (1.7), the equation becomes:

) k
op(Br + Bf)a—lz =V [p”— (vp - pfg)] +4q

(1.12)

Considering the definition of the fluid compressibility and considering that the fluid
compressibility is generally very small, the equation (1.12) can be expressed for groundwater
flow for slightly compressible flow and rock:

d k
oo(B + Bf) a_z: =V [7 (vp - pfg)] +4q

(1.13)

1.3.1.3 Multiphase flow

To test several hypothesis, for one study of the presented work (cf. Chapter 4) I used the
physical approach regarding multiphase flow (water/CO2). An appropriate mathematical model
must respect the physical and chemical processes occurring at the macro-scale of a porous
media. I use the Representative Elementary Volume (REV) averaging theory (Hassanizadeh &
Gray, 1990; Hassanizadeh & Gray, 1997). In REV averaging theory, macroscopic quantities
are obtained from local volume averaging of corresponding microscopic quantities. Exchange
of mass, momentum and energy between the constituents are explicitly accounted from
interfacial effects. The averaging process is conducted by integrating the involved microscopic
quantities over a REV of volume dv and area da. The REV is chosen larger than the constituent
individual size scales and at the same time smaller than the size scale of the physical system
(Figure 7).

Solide Phase

Water Phase

CO:Phase

Figure 7: REV of a multiphase medium (Water/CO: flow) of a porous medium consisting of
three constituents.
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I consider that two immiscible fluids simultaneously flow in the pore space with the mass
conservation equation for each phase given by:

¢% Se+ V- vy=—q, a = Water, CO,
(1.14)

where «a is the phase index, S, [-] is the phase saturation; @ [-] is the porosity; and g, is the
source term. It is assumed that the phase velocity v, is governed by the generalized of Darcy’s
Law for multiphase flow:

1
Vg = _,Ll_ Ke " (Voo — 02 9)

a

(1.15)

With the definition of the relative permeability k,.,, a relation between the conductivity for the
phase a, K, and the intrinsic permeability, K, which is fluid independent can be set-up:

K, = kK
(1.16)

The relative permeability k,, can be considered as a scaling factor that depends on the
saturation of the phases present and satisfies the following constraint (Bear, 1972; Helmig,
1997):
0 < krg (S1, - Snphase) <1 Va
(1.17)

The generalized Darcy’s Law is therefore:

ra

K '(Vpa _pa.g)

Vg = —
a

(1.18)

If I consider an H2O-COz flow system under isothermal conditions, I can apply the pressure-
saturation formulation with modifications (Helmig, 1997). With a constitutive relationship for
the relative permeabilities of k., = k-, (S,), and the saturation constraint Swater + Sco2= 1. Here,
I have a complete system of equations for the unknown variables p, Swater and Scoz.

I employ a pressure-saturation formulation to solve this system of equations. Summing up the
two mass-balance equations for water and CO:z, we obtain the pressure equation:
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V' (A0t VD) = Gtot
(1.19)

where Aot = Awater TAc02 1s the total mobility tensor and gtot = gwater +qco2 the total source term.
Once the pressure is computed, the saturation is obtained by solving the mass-balance equation
for one of the two phases (e.g., water phase):

d
(Da Swater TV [fwater(Swater)vtOt] = “yater

(1.20)
where the total velocity is defined as:
Viot = Vwater T Vcoz = —Atot VD
(1.21)
and the fractional flow function is given by:
krwater
— — Hwater
fwater - krwater+kTC02
Hwater HCO,
(1.22)

1.3.2 Mathematical model for heat transfer

Nield et al., 2006 present that heat transfer in porous media is mainly driven by two basic
processes, thermal conduction and convection. Thermal conduction is the transfer of heat by
microscopic collisions of particles without movement of the transferring medium. In thermal
convection, heat is transferred by movement of fluids. Thermal convection takes place through
advection, diffusion or both.

The energy heat conservation over an elemental volume of medium for a solid and a fluid phase
and considering thermal equilibrium so that 7' = Ts = T, is (Nield et al. 2006):

((1 — @)pscs + (Z)(pfcf)) ?9_71; + (pres)vs - VT
= v-((@ -0 +02,) v7) + ((1 - ©)q; + 00y

(1.14)

where c is the specific heat of the phase, 4 is the thermal conductivity and ¢ is the heat
production per unit volume.
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1.4 Challenges and solutions for modelling hydrothermal
systems or geothermal reservoirs

Hydrothermal systems and geothermal reservoirs are multiscale systems. The correct
simulation of the multiphase, multicomponent and fracture porous media should cast different
size of complexity. The large-scale and time dependence of such complex systems post
problems from the numerical modelling point of view. There are two main problems. Firstly,
the multiphysics involved in these kind of systems are complex and if we want to consider most
of the main processes, the cost in computational time is high. Secondly, if modelling of the
thermo-hydromechanical evolution considering chemical reaction is intended, then the
numerical grid must be able to follow the development mass and heat transport flow with
porosity and permeability evolution. A way to overcome this difficulty, could be to increase the
numerical resolution in a specific area or to remesh when new physics occur. In realistic
modelling of deep complex geological media, many factors controls the thermal,
hydrodynamics, mechanical and chemical development. Determining specific areas is
problematic because non-localized porosity evolution might develop hydro-fractured networks.
In these circumstances, previous numerical zooming cannot be accurately prescribed and
constant remeshing is extremely expensive in terms of computing. One approach used in this
work (Chapter 3) is to decompose the numerical domain spatially into a local problem (Figure
12) with enough points to resolve thermo-hydromechanical processes. By doing so, the model
is able to follow the evolution of porosity and permeability network in the whole domain at
every iteration. The main drawback in this approach is the increment on the computation time.
Implicit methods would require the inversion of very large matrices and heavy matricidal
operations that require long computational time.

To solve the problem in 3D, I use explicit difference finite methods. Explicit methods have the
advantage of being computationally light but time steps are very restrictive, increasing again
the overall computation time. Parallel computation allows fast computation over large data sets.
In particular Graphical Processor Units (GPU) have become a reference in parallel computing
over the last decade. The video games and the artificial intelligence industries move billions of
dollars every year. This requires better software and hardware to be able to manage the amount
of information per frame and the high velocity frame rates. Real time, high resolution 3D
graphics rendering, requires parallel intensive computation over large data sets. In order to
achieve this, multi-GPU architecture gives more importance to data processing than to data
catching or control flow.

1.4.1 Graphical Processing Units (GPU) in numerical modelling

Multi-GPU computing is the use of a graphics processing unit (GPU) together with a CPU to
accelerate deep analytics and engineering applications. Pioneered in 2007 by NVIDIA, GPU
accelerators now power energy-efficient data centers in government labs, universities,
companies, and businesses around the world. They play a huge role in accelerating applications
in platforms ranging from artificial intelligence to cars (e.g. autonomous driving), drones, and
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robots. Multi-GPU computing offloads compute-intensive portions of the application to the
GPU, while the remaining code still runs on the CPU. From a user's perspective, applications
simply run much faster. A simple way to understand the difference between a CPU and a GPU
is to compare how they process tasks. A CPU consists of a few cores optimized for sequential
serial processing while a GPU has a massively parallel architecture consisting of thousands of
smaller, more efficient cores designed for handling multiple tasks simultaneously (NVIDIA,
2017).

Control ALU ALU

ALU ALU

CPU GPU

Figure 8: CPU architecture is designed for serial computations. For this reason it dedicates
more chip space to flow control and memory operations. Multi-GPU architecture gives priority
to arithmetic intensive operations. Much more Arithmetic Logic Units (ALUs) are built in GPU
chips. Cache memory for memory operations and flow control units are limited causing GPUs
to be inefficient in comparison to CPUs for serial processes (NVIDIA, 2017).

The job is performed by including many “streaming processor” cores that execute the same
instruction stream in parallel. Thus, streaming processor cores produce light-weight arithmetic
operations over the data in an intensive way (i.e. much more arithmetic operations are
performed as memory operations), so that a limited cached memory is needed. A comparison
of the CPU vs GPU architectures is presented on Figure 8. The difference in the performance
of CPU vs GPU during the last year has grown exponentially and will not decrease in the future
(NVIDIA, 2017). Figure 9 show the number of floating points operations (FLOPs) per second
in a GPU is orders of magnitude higher than a CPU and Figure 10 shows the memory bandwidth
for GPU and CPU (NVIDIA, 2017). Since 1999, Graphics Processing Units (GPU) have been
successfully applied to accelerate non-graphical computations. Their suitability was strongly
limited by the complexity and constrains of the graphical programming languages available at
that time.
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Figure 9: Floating-point operations per second for the CPU and GPU (NIVIDIA, 2017).
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Figure 10: Memory bandwidth for the CPU and GPU (NIVIDIA, 2017).
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Beginning 2007, NVIDIA released CUDA (Compute Unified Device Architecture), a massive
parallel architecture and programming language based in a C-like programming model that
facilitates GPU usage in physical modelling (NVIDIA, 2017). Since then, GPU based scientific
modelling has increased over the years (Griebel and Zaspel, 2010; Michéa and Komatitsch,
2010). The introduction of the CUDA architecture made the GPU usage vital for universal
computing. Today, most of the best supercomputers on the Earth are GPU based (e.g. Piz Daint
at the Swiss National Supercomputing Centre, Lugano, Switzerland is the third fastest
supercomputer in the world in 2017 (Top500.0rg)). GPU clusters are more energy efficient,
they consume less electrical power, they require less cooling and they are smaller than CPU
clusters. Today, GPU computing is the main tool for high resolution scientific and engineering
real world purpose.

1.4.2 GPU architecture

CUDA programs run part on CPU and part on GPU. The kernels, the CUDA functions running
on GPU, are executed as block of threads. Threads within the same block execute the same
instructions. Every thread in a block has access to its own memory register and to a cached
shared memory accessible by all threads of the block. The cached global memory is not
available to all the threads, even if they are from the same block or not. Shared memory and
global memory are read or write memories accessible by the GPU threads (NVIDIA, 2017).
The 32 threads called warps are grouped in blocks to be executed (Figure 11). To pass data
from CPU to the GPU device, constant memory and texture memory are available from the
threads. The data flow is controlled by CUDA. Initially, space in the GPU device memories is
allocated, secondly, data stored in the CPU’s memory is transferred to the GPU device read-
only memories or the GPU global memory. The calculations are performed on the GPU and the
data is stored in the global memory and finally transferred to the host memory (NVIDIA, 2017).

GRID

Figure 11: Warps are grouped in Blocks. A warp is a set of 32 threads. Every thread (vellow)
has its own local memory (red). All threads within a warp execute the same commands. All
threads of the same block have access to a common fast cached shared memory. Independently
of their block, all threads have simultaneous access to global memory (NIVIDIA, 2017).
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1.4.3 Shared memory for using GPU

As explained by Omlin (2017), memory is distributed on parallelization for problems that can
be spatially decomposed into a Cartesian grid of local problems, where each local problem
defines the boundary conditions of the common boundary for each adjacent local problem. The
size of a local problem, rather than the size of the global problem, is specified in order to make
the domain decomposition of the global problem both the simplest possible and always optimal
(Figure 12). The size of the global problem is defined implicitly by the dimensions of the grid
of local problems, the size of a local problem and the amount the local problems overlap. The
amount local problems overlap must be specified. This function sets up MPI and organizes the
available processes in a Cartesian grid topology; a local problem is then attributed to each
process (in function of the Cartesian coordinates) and the grid of local problems is therefore
built. To define a grid of 2 x 2 x 1 processes and therefore a grid of 2 x 2 x 1 local problems, a
function must be called with the arguments 2 (x dimension), 2 (y dimension) and 1 (z
dimension), i.e. set up grid (2, 2, 1) (Figure 12). The dimensions of the process grid are generally
set for each executable.

Global problem Cartesian grid of local problems (P1-P4)

P1 defines
upper local
BC of P3

P3 defines
lower local
BCof P1

P3

Global BC

P3 defines P4 defines
left local right local
BC of P4 BC of P3

Figure 12: Distributed memory parallelization. A global problem (e.g. 2D) is spatially
decomposed into a Cartesian grid of local problem, where each local problem defines the
boundary conditions (BC) of the common boundary for each adjacent local problem (Omlin,
2017).
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1.5 Related work

1.5.1 High performance development tools

The development of scalable and efficient parallel subsurface simulators is not an easy task.
There are not so many computational tools which use multi-CPU or even multi-GPU
technology for underground fluid dynamics, but it is of main interest today (Bangerth, 2007,
Galvan, 2012; Galvan & Miller, 2013; Kolditz et al., 2012; Hammond et al., 2014; Omlin,
2017). The challenges of developing new algorithms that are well suited for current and future
hardware is essential in many ways. One issue would consist in modifying algorithms that are
sophisticated and state-of-the-art, but not well suited for current hardware. Going in this
direction is very complicated and even practically impossible, because such algorithms are in
many cases to a major extent inherently serial. To transform it into a fully parallel algorithm is
a huge challenge and may be not feasible. Another issue is that simple algorithms that are well
suited for parallelism and have regular data access patterns are typically rather old but mostly
don’t include state-of-the-art processes. This approach have been successful in several cases
(Datte et al., 2009; Gysi et al., 2015; Krothiewski & Dabrowski, 2013; Micikevicius, 2009).
The stencil-based methods, which consist in building solvers for partial differential equations
(PDE) is perfectly adapted for the current hardware (Strikwerda, 2004). So, building a tool with
iterative methods using finite difference (FD) and a regular Cartesian grid would be the solution
instead of using direct methods involving complex techniques to compute derivatives and an
unstructured grid. The finite difference (FD) method compute local neighboring grid cells
(simple and regular data access pattern). The computational domain using a Cartesian grid is
perfectly adapted and can be decomposed into several small domains for which iteration and
time step can be done independently; it can be solved in parallel.

1.5.2 The Lusi sediment-hosted hydrothermal system in Java, Indonesia

The devastating 2006 mud eruption in the district of Sidoaarjo, Indonesia, caused great damages
to the surrounding population. Lusi (Lumpur = « mud » in Indonesia Bahasa ; Sidoarjo = the
regency where the eruption occurred) is a geyser system, that’s still erupting today and has
forced sixty thousands of Indonesians to move (Mazzini et al, 2007). The onset of Lusi has
previously been described to be linked to petroleum drilling in the vicinity of Lusi (Davies
et al., 2007, 2008, 2010; Tingay et al., 2008, 2015, Tingay et al., 2007) as well as having been
triggered by a 6.3 M earthquake that struck the southern part of Java (southwest of Yogyakarta,
~250 km from Lusi) about two days before the eruption (Lupi et al., 2013; Miller and Mazzini,
2018). Lusi has been described as a newborn, tectonic scale, sediment-hosted hydrothermal
system linked to the SW adjacent Arjuno-Welirang volcanic complex through the Watukosek
fault system (Istadi et al., 2012; Mazzini et al., 2009, 2012, 2018). Hydrogeological,
geophysical and geochemical evidence collected over the years showed that the eruption is
evolving towards a steady and continuing erupting system (e.g. Fallahi et al., 2017; Karyono et
al., 2016, Mauri et al., 2018, Mazzini et al., 2012). Since its inception Lusi has attracted the
attention of scientists and numerous dedicated studies have been completed in the framework
of the LusiLAB project (ERC grant n°308126, PI A. Mazzini).
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This deep hydrothermal system and potentially gigantic geothermal reservoir represent a unique
opportunity to understand mechanisms occurring during erupting activity. All studies
combined, provide constraints to numerical modelling of multiphysics, and ultimately models
of the underlying processes are essential. They are all (e.g. Mazzini, 2018) fundamental in
increasing our understanding of this natural system, and exploring possibilities of transforming
disaster into development, such as exploiting geothermal energy from this newly formed
moderate-to-high enthalpy geothermal system.
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2. HULK: Simple and fast generation of structured hexahedral meshes...

2.1 Introduction

A geological model should incorporate structural information and rock properties for any kind
of subsurface simulation because simulation accuracy strongly depends on the relevant rock
properties and their distribution in space. Therefore, reliable results can only be expected when
well-constrained geological modelling and subsurface simulation, an integrated approach of
modelling the geology and the physics of the subsurface (e.g. flow, deformation, etc.) is in many
cases not available. Commercial software exists that provides integrated modelling and
simulation, especially in the oil/gas industry, but often requires months of expert training and
their usage might be unsuited for academic purposes. Unfortunately most researchers are only
expert in a single field. Thus, they might be either experts in geological modelling or very good
in simulators, but rarely both. Consequently, this often leads to the situations where very
detailed geological models are never used to simulate physics, while simulators with highly
sophisticated physics are often only applied to simple and over-simplified geologies. We
address this problem for simulators using hexahedral grids by proposing an efficient mesh
generation method. The method is based on octree refinement and provides for direct transfer
of structural geological information to the numerical simulator of the underlying physics.

2.1.1 Discretization of geological models

Most meshing algorithms focus on aligning the mesh exactly with the boundaries of the
structural geological model. This is inevitable in some cases, such as the prototyping of
engineering parts. In other cases, such as structural geological models, this requirement of a so-
called conforming mesh is too strict and not always necessary because of the uncertainties
associated with the geological model itself (Bardossy and Fodor, 2001; Thore et al., 2002;
Lindsay et al., 2012; Wellmann et al., 2014). A well-discretized geological model therefore
does not necessarily follow the exact boundaries of the geological model, but more importantly
enables the simulator to capture the most relevant aspects and to properly model the underlying
physics.

Structural geological models can be built using several different methods if the amount of data
(e.g. geological, geophysical or seismic surveys) is sufficient and are readily implemented in
widely used commercial software packages Geomodeller (Intrepid-Geophysics), GOCAD
(Paradigm) or Petrel (Schlumberger). In cases where the geological information available is
sparse, solely the interpretation of the geologist might be used to build a structural model using
a computer aided design (CAD) program. Of course, with less data available, the accuracy of
the structural model and thus ultimately of the subsurface simulation is limited.

The type of discretization requested by the wide variety of subsurface simulators varies largely
due to the different underlying numerical methods that impose different restrictions on the
geological model's discretization. Finite element simulators are often based on triangular or
tetrahedral meshes, while many finite volume based tools require quadrilateral or hexahedral
meshes (Pruess et al., 1999; Hammond et al., 2012; Jasak et al., 2007; Trefry and Muftels, 2007;
Lietal., 2009). Automatic high quality mesh generation software is available for triangular and
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tetrahedral elements using Delaunay triangulation (Ho-Le, 1988; Chan and Anastasiou, 1997;
Du and Wang, 2006). However, many simulators exist, especially in the field of computational
fluid dynamics in general and in high performance computing, that are based on quadrilateral
discretizations. Unfortunately, where a quadrilateral/hexahedral mesh is required or beneficial,
a general and stable automatic solution method for the generation of a conforming mesh is not
available and a field of ongoing research (Botella et al., 2014; Yu et al., 2015; Owen and
Shelton). Significant progress was made in recent years and also applied to geological models
(e.g. Xing et al., 2009; Zehner et al., 2015; Botella et al., 2016). However, these methods share
a certain complexity in terms of automatism and are rather time-consuming (Stupazzini, 2004;
Casarotti et al., 2008).

The methods previously described (including most methods from tetrahedral meshing) have
their “bottom-up” approach in common. First, two dimensional surfaces based on the vertices
on the geological formation boundaries are meshed by quadrilateral elements. The model is
then divided into different meshable regions, which are meshed separately by one of the
methods in hexahedral meshing such as sweeping or the advancing front technique (Scott et al.,
2005; Lohner, 1996). These separated volumes are connected in a last step to a complete
discretization.

As outlined previously, a conforming discretization as targeted by these algorithms is not
completely necessary. Octree-based meshing algorithms are generally considered very efficient
if a good but non-conforming discretization is targeted. Octree methods were introduced
in Yerry and Shephard (1984) and further enhanced by various authors (e.g. Schneiders, 1996,
1997; Shephard and Georges, 1991; Maréchal, 2001, 2009; Tu and O'Hallaron, 2004). In
general, octree based discretizations have good mesh quality, are adaptive and support
automatic generation (Xing et al., 2009). The Los Alamos Grid Tool Box (LaGriT) is
specifically designed to generate meshes for geological applications and also supports meshing
procedures based on octree refinement. Using the octree refinement method, Miller et al.
(2007) used LaGriT to discretize a geological model that demonstrated good performance.

2.1.2 Outline and scope

The purpose of this work is to present a new and simple-to-use tool to reduce the gap between
numerical simulators based on structured or octree grids and geological modelling. Short for
Hexahedra from Unique Location in (K)convex Polyhedra — HULK is a simple and efficient
algorithm to generate hexahedral meshes from geological models. We achieve rapid mesh
generation by binary space partitioning and the octree refinement. While the method of octree
refinement is not enhanced in this work, we present an alternative approach for handling all
geological formations at the same time, classifying their position in space efficiently. We
therefore utilize a “top-down” approach in our method, in contrast to most of the meshing
procedures mentioned previously.

In the following, we focus on the underlying theory of the implemented algorithm. We first
describe the discretization procedure, followed by the theory of binary space partitioning that
is essential for method efficiency. We briefly introduce the methods to evaluate its performance
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and provide insight into the implementation. The HULK algorithm is then applied to a series of
test cases, including an irregularly shaped two component system, a sedimentary basin, and a
complex example from the Swiss Jura Mountain range. We then evaluate the method's overall
performance (e.g. different input mesh sizes for the same model), and conclude with some
perspectives for future research.

2.2 Theory

A fundamental target of geological modelling is to identify the boundaries between geological
formations in the subsurface. Consequently, the output of any geological modeller is in most
cases a discretized (triangulated) boundary volume representation of the formations. This
discretized boundary representation can be used as the input for the meshing preprocessor of
the subsurface simulator. We use this representation to generate a binary space partitioning and
successively refine a hexahedral background mesh as further described in this section.

2.2.1 Octree-based meshing

The grid generation process in HULK is based on the octree refinement technique (Yerry and
Shephard, 1984; Schneiders, 1996, 1997; Shephard and Georges, 1991; Maréchal, 2001, 2009;
Tu and O'Hallaron, 2004). Initially, a structured background mesh is generated circumscribing
all of the volumes to be discretized. In the next step, each cell is associated with the
corresponding geological formation. In HULK this cell-to-formation mapping is performed by
binary space partitioning of the input volumes, discussed in detail below. Once the correct
position within the input model is determined, cells can be flagged for refinement (or
coarsening) based on their affiliation in a third step. Several refinement criteria can be used.
Here we chose to flag all cells whose neighbors have non-matching material identifiers for
refinement, and cells which have only matching-id neighbors for coarsening (Figure 13). The
refinement is then executed according to the flags that were previously set. If these two steps
are repeated until a desired accuracy or number of mesh cells has been generated, it forces a
cyclic refinement towards the boundaries of the geological formations (Figure 14). The actual
implementation in HULK differs slightly from the general approach introduced here and is
further explained in Section 3.
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cell marked for
refinement

4 cell marked for
4 coarsening

Figure 13: A simple model with two materials. All cells which are at the interface of the two
materials are flagged for refinement. In the lower part of the model, where many cells do not
have neighbors close to the interface, the cells are marked for coarsening.

Geological model Initial material mapping First octree refinement

Figure 14: Conceptual model of octree based mesh refinement in the context of geological
models. Left: Geological model to be discretized. Middle: In a first step the material properties
from the geological model are mapped onto the initial grid. Right: Cells are marked for
refinement if any of its neighbors belong to another geological formation. This shows the result
after the first cycle of octree refinement, and shows that the initial input are better resolved.
With increasing number of refinement cycles, the approximation will become very close to the
input geometry.
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2.2.2 Binary space partitioning

A key element in the efficiency, and the main novelty of our approach, is the efficient mapping
of a cell to the corresponding geological formation. Unlike many other meshing algorithms, all
input geometries are treated in a single step. This requires an algorithm that is able to swiftly
decide whether or not a point (such as the center of a cell) is contained in a geometry. This test
is often called “collision detection” and is a well-studied field in computational geometry (Lin
and Gottschalk, 1998; Ericson, 2004). A simple and common technique of collision-detection
is ray-tracing, where multiple rays are sent out from the query point in arbitrary directions. Each
ray is then tested for its number of intersections with the geometry in order to determine its
relative position as “inside” or “outside” of the geometry. Unfortunately, the ray-tracing
approach has non-optimal efficiency and is prone to errors due to a number of special cases that
need to be treated accordingly (Smits, 2005). Another popular approach is binary space
partitioning. Binary space partitioning trees (or BSP trees for short) are structures that can be
used to recursively partition n-dimensional boundary representations into subspaces with
respect to dividing hyperplanes. They are one of many spatial partitioning methods, but
considered to be the most versatile and powerful in collision detection algorithms (Ericson,
2004). Originally, BSP trees were developed to address the “hidden surface problem” (Fuchs
etal., 1980), but also the computer game engine community takes advantage of the tree structure
due to their ability to perform fast collision tests even for a very large number of polygons. If
the space to be partitioned is three dimensional, the dividing hyperplanes become regular two
dimensional planes. The two partitions or half-spaces generated by a dividing plane are usually
called positive and negative half-spaces. We use the convention that the positive half-space lies
in front of the dividing plane and the negative half-space behind the dividing plane. In two
dimensions the specification of front and back-sides is ambiguous, but as our target geometries
are three dimensional the definition is useful. Henceforth, the front side is the side of the
geometry's discretized elements whose normal points outward from the geometry.

2.2.2.1 Generation of a binary space partitioning tree

A quick and easy separation of inside and outside the volume (“collision test”) is accomplished
with BSP trees. Unlike other types of BSP trees, in our method, the dividing planes must be
identical with the input geometry's polygons. This selection of the dividing planes is also known
as auto-partitioning. Furthermore, all polygons have to be selected exactly once as dividing
planes in order to correctly represent the geometry. Note that no actual geometry is stored in
the nodes — merely the information pointing to the next nodes in the tree. The end-nodes of a
tree partitioning are often called leaves. The leaves store whether the half-space in front/behind
the last dividing plane is within the geometry (solid) or outside (empty).

The generation of a BSP tree is illustrated in Figure 15 for a simple dart shaped geometry in
2D. The initial geometry is composed of four vertices (4, B, C, and D) connected by four edges
(AB ,BC ,CD and DA ). Now, an edge is arbitrarily chosen to serve as the first dividing
plane (1), in this example DA™. All remaining edges are classified according to (1). On the
positive side of (1), edge AB™ is found and which is going to be the next dividing plane (2) and
a part of edge BC . In order to continue the decomposition, edge BC has to be split into its
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parts on the positive sides respectively (3)BC +—(3) & 4)BC ——(4)). The generation of the
tree is continued with (2), which will produce a leaf on its positive side (pointing to empty
space) and the third dividing plane on the negative side. (3) points to empty space on its positive
side. Since all other dividing planes on the negative side of (3)have already been considered, it
can concluded that it points to solid volume inside the geometry. The tree construction is
continued in the same manner until all polygons have been chosen once as dividing plane. With
this the BSP tree generation is complete and can be used to query for a location of an arbitrary
point with regard to the geometry. Figure 16 shows a graphical representation of such queries
for the cases that the query-point is located within and outside of the geometry. Finally note
that, although the initial geometry in Figure 15 is concave, the spatial regions corresponding to
the leaves are always convex.

(a) (b)

Figure 15: A dart shaped geometry represented by a solid leaf BSP tree. (a) Geometry
consisting of 4 vertices and 4 edges resulting in 5 dividing planes as the dividing plane
along DA divides edge BC into two pieces. (b) The final corresponding BSP tree when all
edges are chosen exactly once as dividing plane. Boxes with E signal empty (meaning outside)
and dark boxes with S are solid (inside the geometry).

(a) (b)

Figure 16: Two query points Qinside and Qoutside are tested against a collision of the dart-shaped
geometry to obtain a result for the relative position of the query point with respect to the
geometry. (a) Geometry with the two query points — the first outside and the second inside the
geometry. (b) The corresponding BSP tree query path is visualized for both query points. At
each node, the query point is tested against the corresponding plane and sent down in the
respective direction. The red path belongs to the outside point, whereas the blue path is
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assigned to the inside query point. It is evident that not all nodes of the geometry have to be
tested for a collision query. This figure visualizes the optimal complexity of the BSP tree
algorithm (cf. Section 2.2.2.2).

2.2.2.2 Complexity of binary space partitioning

Due to the hierarchy formed by a BSP tree with n objects in the tree, only on the order
of O(log(n)) objects need to be tested by a query (Ericson, 2004). This is due to the fact that
typically half of the possibilities can be disregarded with each test. However, in poorly balanced
trees the query can cost up to the order of O(n). It is worth noting that the ray-tracing approach
is also O(n), yet having higher computational cost per element than the corresponding worst
case BSP tree. Auto-partitioning of a square yields in fact a worst case BSP tree and is shown
in Figure 17 a. Since none of the dividing planes actually divides the square, no possibilities
can be disregarded during queries, leading to an O(n) cost. With this in mind the BSP tree
generation of our geological model benefits from complexities in the model as the number of
self-intersections is greatly increased. On the other hand, it is clear that we cannot expect to
generate perfectly balanced BSP trees from our input geometries with auto-partitioning. Thus
a query cost in between O(log(n)) and O(n) can be expected.

O+

+@)!

(a) (b)

Figure 17: The square geometry. This shows how auto-partitioning can lead to unfavorable
BSP tree structures. No part of the tree can be neglected after each test. Real world geometries
are not likely to suffer from this problem to the same degree, as irregularities in the domain
boundaries will most likely provide suitable dividing planes.
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2.3 HULK: Combining octree meshing and space
partitioning

The theory is implemented into an efficient and rapid mesh generator. As our primary targets
are finite element simulations on adaptively refined grids, we build the mesh generator based
on the finite element library deal.ll (Bangerth et al., 2015, 2007). This library has already
previously been used for multiphase flow and transport simulations in the subsurface (Chueh et
al., 2010, 2013). Using these subsurface simulators on adequate geological domains is a logical
extension of the previous work.

In the following specific parts of the implementation are presented in depth. The pseudo-code
for the currently implemented HULK procedure is given in Algorithm 1.

2.3.1 Preparation of the input data

There is currently no standard in the output format of geological modellers or CAD programs.
Rather, a set of widely used formats has evolved. A well-known format is the
STereoLithography (STL) format, which is available as an export format in almost any of the
relevant programs from the geological modelling or CAD environments. The STL format is
based on triangulated surfaces describing only the boundaries of the domain. Due to its wide
availability, we use the STL output format as input to our mesh generator. STL files contain
only an information header, the overall number triangles to be expected, and then a list of all
individual triangles. Each triangle is defined by three vertices and a normal vector, and no
information is given about the connectivity. While the data format is fairly simple, a number of
issues may arise during their creation. Evidently, the input geometry must be an orientable
surface for which a system for determining a normal vector can be consistently defined. In other
words, it must not contain any holes, self-intersections or multiple shells. Furthermore, any
triangle cannot share more than two vertices. This ensures that at least a minimal distance is
maintained between all triangles. Fortunately, a number of STL repair methods exist that can
detect and often fix these defects automatically (e.g. implemented in the open-source
software MeshLab and the freeware netfabb and recently, Chong et al., 2007). Note that a BSP
tree can be generated also if these defects are left unaccounted for, but it is clear that a valid
“collision” query on the BSP tree is only possible for orientable geometries. In general, the
quality of the input STL does not so much influence the final resulting mesh, but more the
generation of the BSP tree structures.

2.3.2 Generation of the BSP trees

The BSP tree generation is performed once at the beginning of the program execution after the
corresponding geometry has been read from a file. For each input geometry an individual BSP
tree is generated. The pointers to the root nodes of the trees are stored in a shared vector to
allow easy queries for all geometries. The current implementation does not cover the selection
of a preferable splitting plane to guarantee the generation of a balanced BSP tree. Rather, the
first polygon (triangle) from the STL is chosen as a root node of the tree, and generation is
performed accordingly until all polygons of the input file are used once as splitting planes.
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Clearly, the time to generate the tree structure is directly related to the number of triangles in
the geometry. But since it is performed previously to the actual mesh refinement, the overhead
is kept small. During refinement the optimal complexity of the BSP tree queries minimizes the
dependence on the tree size, largely contributing to the efficiency of HULK.

2.3.3 Refinement criteria

Flagging cells for coarsening or refinement is the main control on the cell size and count in the
final discretization. A number of different criteria could be used. In HULK relatively basic
criteria are implemented at the current state. As the name octree suggests, in the uniform case
where all cells are refined, the total number of cells is increased by a factor of 8. Thus, choosing
cells to be refined has to be performed cautiously to prevent an unpleasantly large number of
cells. On the other hand, cells must be refined enough to resemble the input geometry as close
as possible. To this end the following criteria based on each cell's geometric affiliation in terms
of a material identifier (id) are used:

- Refinement: if id # idi for any i neighbors — refine
- Coarsening: if id = idi for all 7 neighbors — coarsen

Additionally, a suitable criterion to cease refinement has to be defined. Here, the generation
stops once the distance d of the query point x is sufficiently close to the BSP tree.

- Evaluate distance: if d(x) < € — clear refine flag

Here € is the only actual tuning parameter in HULK. From experience, good results are
achieved when €~0.005-max(Lx,Ly,Lz) where L; are the model extents in the coordinate
directions.

In order to assure numerical accuracy, the maximum level difference in refinement between
adjacent cells may not be greater than one. This implies that also cells that are not directly
associated to the interface might be flagged for refinement in a second internal step.
Furthermore, due to the implemented criteria, the number of cells in the initial mesh has to be
chosen appropriately to the smallest geometric feature that is to be resolved in the final grid.
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Algorithm 1
Pseudo-code for the algorithm used in HULK using octree refinement to resolve complex
geometries in hexahedral cells.

for all input geometries do
read input data from file;

generate BSP tree;

end
while cycle < mazCycles and number of cells < MazCells do
for all cells do
for oll BSP trees do
if 4s enside currend BSP itree then
set id = corresponding material identifier;
break loop;
else
‘ continue with BSP tree for next input geometry;

end

end

if (neighbor’s id # cell’s id ) for any neighbor then
‘ flag cell for refinement;

end

if (neighbor’s 1D = cell’s 1D) for all neighbors then
‘ flag cell for coarsening;

end

if cell’s distance to cell’s corresponding BSP tree

< e max(Ly, Ly, L.) then
‘ remove cell’s flag for refinement;

end

end

execute refinement;

end
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2.4 Methods for mesh quality analysis

Measuring the quality of the generated discretized domain is an important part of a meshing
algorithm. Standard procedures include the measurement of element skewness, aspect ratio and
distortion. These quantities are mainly used to determine the quality based on the degree of
conformity and to identify degenerate elements. Since we do not seek a conforming
discretization of the input geometries and the discretization is based on regular octree meshes,
some techniques of defining mesh quality no longer apply; for example element skewness and
aspect ratio become constant and attack optimal value in this case. In order to give a measure
of the degree of conformity nonetheless, we compute the “mean distance” between the
triangulated input and our hexahedral approximation as well as the volumetric space filling.

Measuring the distance or similarity of two discretized surfaces is not straightforward. Many of
the more sophisticated theories developed are used in the field of automatic face recognition
(Abate et al., 2007). A simpler approach is used here which computes the minimum distance
between the cell centers of cells at the interfaces and the BSP tree of the corresponding
geological formation. From this, the mean distance is calculated. Ideally, the BSP tree — cell
center distance distribution should have its maximum at zero. However, since we compare the
cell centers we expect a shift of the mean distance towards the half the size of the largest element
on the boundary. In any case, with progressing refinement of the mesh the mean distance is
expected to decrease continuously.

Further, the accuracy in volume of the mesh is considered. To this end, the percentage deviation
between the volume of the input Vo and the final discretized mesh V is calculated:

Deviationvai (%) = - *100%-100%
0

2.1)

The deviation by itself is not a good indicator for the mesh quality, as no information about the
shape of the geometries is incorporated and in fact could lead to very poor discretizations.
However, in combination with the mean distance it becomes a viable indicator for mesh
accuracy.

The quality of octree-based discretization in general is known to be good (e.g. Xing et al.,
2009), but the accuracy of the numerical method depends on the overall distribution of the cell
sizes. Assuming the numerical accuracy is ideal if all cells are of the same size, the utilization
of octree refinement can increase computational efficiency while maintaining the same
numerical accuracy only if the cell size distribution is only mildly altered. In other words,
smooth cell size distributions with a single peak should always be preferred. Again, this is not
a direct measurement of mesh quality, but serves as an important indicator for the expectable
accuracy of the applied numerical simulators.
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2.5 Results

The implemented algorithm is validated against three test geological scenarios. The first is a
3D model of an artificial dike intrusion into a single constituent host rock to demonstrate the
general performance of the algorithm. We then present an example of a simplified three-
dimensional model of the newly born hydrothermal system called “LUSI” in Indonesia
(Mazzini et al., 2012; Lupi et al., 2013). This model already consists of multiple geological
layers of a sedimentary basin. A third example is a full scale geological model of a part of the
Swiss Jura Mountains. The models vary in size and complexity. Table 1 shows detailed
information on the test geometries used.

Table 1: Three model types from different settings are used to evaluate HULK's performance.
They vary in size, amount of shells and their underlying complexity.

Model Setting Volumes  Inputsize  Complexities
name (triangles)
Dike Volcanic 1 1.9-10° Locally steep
intrusion gradients
LUSI Sedimentary 57 4.5-7.5-10° None/large scale
basin faults zones
GeoNE Swiss Jura 25 1.5-11.9-10°  Folding and faulting

including offset

2.5.1 Dike intrusion

Figure 18 shows the initial model for the first example. As the model consists only of two
geological formations, the volcanic intrusion at the bottom and a host rock on top, only the
resulting hexahedral mesh for the volcanic intrusion layer is shown. Note that the input consists
only of one shell which describes the geometry of the dike. We assume that the region of interest
is a rectangular box around the dike, thus making a second input geometry for the host rock
unnecessary.

Figure 18: The geological model and input for the dike model. The dike has a non-trivial
shape with steep gradients to evaluate the implemented algorithm.

54



2. HULK: Simple and fast generation of structured hexahedral meshes...

The geometry was discretized using four refinement cycles. In Table 2 the resulting number of
cells in the whole (both volcanic intrusion and host rock) are shown for all cycles. Furthermore
we evaluated the performance of volumetric filling for the dike intrusion model. To this end we
compared the meshed volume against the computed volume of the input STL file. The resulting
deviation in volume as well as the distance (measured to the BSP tree) from the input geometry
is also presented in Table 2. The accuracy of the upper layer can easily be computed
by (8%)'=1-(6%)".

Table 2: Mesh statistics for the dike model. The number of cells, volumetric filling accuracy as
well as the distance to the corresponding BSP tree were analyzed for all performed refinement
cycles on the dike intrusion model. The volumetric deviation alone is not a sufficient indicator
but shows in combination with the BSP distance an overall increase in mesh accuracy with
refinement cycles.

Cycles Cells Deviation (%) BSP distance (-) 1073

0 32°768 0.04 23.8
1 21°715 1.33 52.6
2 77°708 0.47 343
3 269746 0.13 22.6
4 861°617 0.19 13.8

As mentioned in Section 2.4 the volumetric filling is not a sufficiently good indicator by itself.
This is clearly visible as it is already very high even when the visual accuracy of the mesh is
still unsatisfying. Regardless, a clear trend towards the correct theoretical volume is visible. In
combination with the measured distance to the BSP tree we can conclude that the mesh accuracy
increases with the number of refinement cycles.

Figure 19a and b show the mesh after different cycles. Clearly the refinement towards the
boundaries is visible. The final model is shown in Figure 20, which shows that all important
features of the initial model were captured by the algorithm. Note that due to the selection of
refinement criteria the cell size distribution is not uniform at the interface. Rather flat regions
of the model are less refined, whereas areas with steeper geological features exhibit a stronger
refinement to capture the curvature of the geometry correctly. After the last cycle the mesh
contains roughly 1 million cells which might be too big for initial simulations. However, the
accuracy of the preceding cycles is also good and yield a cell count of maximum a few hundred-
thousand cells, which can be handled by modern parallel computing systems (Hammond et al.,
2014).
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Figure 19: The generated mesh for the dike model after different refinement cycles. (a) After
the 2nd cycle. The general shape of the dike is already captured but its extends are slightly
overestimated and smaller features not yet captured. (b) Mesh after the 3rd cycle of refinement.
The peak shape is still not matching the input model completely. Yet on the rather flat zones of
the interface refinement towards smaller features is visible.
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Figure 20: The final mesh of the dike model after 4 cycles of refinement by HULK. All important
geometric features of the input geometry are captured and provide a good hexahedral
approximation to the initial geometry (cf. also Table 2 for detailed accuracy evaluation).
Different levels of refinement are visible depending on the curvature of the dike's shape. Flat

regions are slightly less refined than the peak for which cells are highly refined to capture its
extends.
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2.5.2 LUSI

The second example is a simplified model of the LUSI mud eruption in Eastern Java, which
appeared in 2006 and continues today as a geyser system (Mazzini et al., 2012; Lupi et al.,
2013; Sawolo et al., 2009). LUSI is located in a back-arc sedimentary basin that is likely
influenced by nearby active volcanism. The eruption is located at the intersection of two major
regional faults which were included in the geological model as finite width faults. In the
following we present the model with and without the faults to increase the clarity in analyses.
In general, the model does not show many complexities, as the sedimentary basin is mostly
undisturbed except for the intersecting strike-slip faults. We generated a model based on seismic
and borehole data obtained in the framework of the LUSI Lab project and computed
with Geomodeller (Lajaunie et al., 1997; Calcagno et al., 2008). The number of input
geometries range from 5 formations up to 7 formations if the two major faults are included. The
initial model is shown in Figure 21.
y (m) 8000 0 2000 4000 4o00 "ngé

4000 °%0
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Figure 21: The geological model for LUSI used to generate a hexahedral mesh with HULK.
Note that the two faults are implemented a posteriori into the model which makes certain
analysis unavailable for this model.

The final discretizations of the LUSI model consist of 346,991 hexahedral cells without and
513,409 cells including the faults. The final meshes without and including the faults are shown
in Figure 22. A visual comparison of the input geometry and the final discretization shows that
all important geological features of the sedimentary basin are preserved. The LUSI geological
model was discretized using five refinement cycles in HULK. For each cycle all volumes are
compared to the reference volume of the input geometry. Unlike the dike model, the accuracy
of the volumetric filling is not as high during the first refinement cycles. This is mostly due to
a different refinement strategy chosen in this example. For this model we decided to change the
refinement strategy to a uniform refinement without coarsening or removal of refinement flags
in order to show the excellent refinement towards the models boundaries. However, as shown
in Figure 23 the accuracy is greatly increased in later refinement cycles. The final accuracy can
also be seen in the y-slice view of the model which is shown in Figure 24 for the final mesh
where the boundary cells for each layer and the outline of the corresponding input geometry are
shown. Here it is very well visible that the boundary cells coincide very well with the input
geometry after the last refinement step.
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(b)

Figure 22: The final LUSI model based only on the geological layers of the sedimentary basin
with and without big scale faults. The successive refinement into the boundaries of the
geological formations is visible and working well. Yellow — sandstone formation, brown — clay
formation, red — volcanoclastic formation, blue — carbonate formation and green — mudstone
formation. (a) Without faults and (b) with faults.
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Figure 23: The deviation of volumetric filling for the LUSI model is shown for the refinement
cycles used. The accuracy is increased by one or two order of magnitude for all formations.
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Figure 24: The accuracy around the formation boundaries after the 5th and final cycle of
refinement is greatly increased as visible in this slice through the model. The achieved accuracy
is sufficient for a structured hexahedral approximation of the input geometries.

2.5.3 GeoNE

The GeoNE model is by far the most complex model that we use to evaluate the performance
of HULK. Between May 2010 and July 2012, the Laboratory of Geothermics at the University
of Neuchatel studied the potential of deep geothermal resources in the Canton of Neuchatel in
Switzerland (CREGE, 2014). As part of the project a detailed 3D geological model was built.
We present a part of this geological model here to generate a hexahedral mesh. This model is
going to be used also for the input mesh scaling in the next section. In this section the GeoNES50
model containing a total of 5.9 million triangles is used. The geological model as we use it here
is shown in Figure 25 a. The model features geological formations of different sizes as well as
folds and faults including offset. Figure 25 b shows a cross section through the model, where
the intersection of multiple faults in a fold is visible. This provides an excellent opportunity to
investigate the algorithm's performance in complex settings. The model consists of overall 25
parts which are all included in the meshing procedure.

(b)

Figure 25: The GeoNE model containing 11 formations in a total of 25 parts. (a) An outside
view of the complete model. (b) Cross section through the model showing the complex interior
including multiple faults including offset.
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Due to the high complexity of this model the final discretization includes 1.4 million hexahedral
cells. The final result for the whole model and the cross section through the model are shown
in Figure 26 and Figure 27 respectively. A visual comparison of the input geometry and the
final discretization shows very good agreement. The GeoNES50 geological model was
discretized using 4 refinement cycles in HULK. The high complexity of the model prohibits a
meaningful volume analysis as performed in the other examples. However, the mean distance
to the BSP tree of the corresponding geological formation could be calculated and is shown in
Table 3. The overall decrease in the distance indicates a distinct increase in accuracy with later
refinement cycles. This further supports the conclusion of the visual analysis of the final
discretization. A detailed comparison on the cross section through the geological model (Figure
25) and the discretization (Figure 27) shows how detailed the hexahedral approximation
by HULK really is. Although the faults in the model could not be included in the meshing
process as they were modeled as 2D surfaces instead of finite width faults, their resulting offset
is clearly visible. Overall, all 11 formations were resolved with very good accuracy, capturing
also the complex interior with intersecting fault offsets in a folding environment.

Figure 26: The final mesh of the GeoNE5(0 model after 4 cycles of refinement by HULK and
contains 1.4 million cells. All important geometric features of the input geometries are captured
and provide a good hexahedral approximation to the initial geometry. Even smaller features
such as a small intrusion (shown in gray at the front corner) as well as the very fine quaternary
deposits at the top of the model are well-resolved. Dynamic cell size changes are visible
especially in vicinity of the large offset fault visible on the right face of the model.
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Figure 27: Cross section through the complex interior of the final mesh of the GeoNES5() model
after 4 cycles of refinement by HULK. The whole model contains roughly 1.4 million hexahedral
cells. In comparison with Figure 25b the accuracy is very good. All three main offset faults
visible in the cross section are resolved by the mesh. Solely, a small intrusion (shown in gray
in Figure 25b) is not resolved by the hexahedral approximation. Note that the adaptivity of the
octree mesh is not as clearly visible in this section through the mesh as many complexities have
to be resolved, leaving little room for cell number optimization through mesh coarsening.

Table 3: Simple mesh statistics for the GeoNES50 model. The number of cells as well as the
distance to the corresponding BSP tree was analyzed for all performed refinement cycles on
the complex geological model. The BSP distance indicates an overall increase in mesh accuracy
with refinement cycles.

Cycles Cells BSP
distance (-)

0 32°768 1.91
1 40’489 2.84
2 135°290 2.74
3 459°040 1.91

4 1°408°975 1.20

61



2. HULK: Simple and fast generation of structured hexahedral meshes...

2.6 Discussion

In the previous section, three models with varying degree of complexity were used. However,
in order to evaluate execution timings as well as scalability a more reliable basis needs to be
created. To this end the GeoNE model is used. We use the quadric edge collapse decimation
technique to reduce and increase the number of triangles in the input geometries while
conserving all formations and faults in the model (Hoppe, 1999). The initial model is the
GeoNES0 model consisted of roughly 6 million triangles. In the following we will consider two
down-sized models (GeoNE25 ~3 million and GeoNE13 ~1.5 million triangles) as well as one
up-sized model GeoNE100 with a total of ~12 million triangles in the input geometries in
addition to the initial GeoNES50 (~6 million), LUSI (~0.5—0.8million) and Dike (~0.2 million
triangle models).

2.6.1 Mesh quality

As discussed in Section 2.4 the quality of octree based meshes is in general quite good.
However, for accurate simulation results the cell size distribution within the model might be
important. In order to guarantee high accuracy the maximum level difference between
neighboring cells is set to 1. Here we present the distribution of refinement levels for the cells
in the different models. Figure 28 shows the distributions for all three models presented in the
previous section and additionally the largest version of the GeoNE model. In general, smooth
distributions are visible for all models, which indicates good quality with respect to the expected
numerical accuracy. The dike model's distribution has its peak at the highest level of refinement,
which is due to the high curvatures in the input geometry. The effect of the curvature of the
input geometries is also visible in the LUSI model that contains only moderate curvatures and
which leads to a more widened distribution of the cell sizes within the model. Both GeoNE
models show a similar distribution of cell sizes indicating that the resolution of the input
geometries — given that it is reasonably good — does not significantly influence the distribution
of cell sizes in the final discretization.
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Figure 28: Mesh quality analysis based on the refinement level distribution of the cells in four
different models. Sharp distributions are likely due to sharp gradients in the input geometries,
as for example the dike model. Rather smooth distributions as seen for the LUSI model also
indicate rather smooth input geometries.

The distance to the BSP tree is also an indicator for the accuracy of the discretizations. Figure
29 shows the calculated mean distances to the corresponding BSP tree structures for all cells in
each refinement step for the dike and GeoNE models. The mean distance is decreasing
continuously after the first cycle for the GeoNE models. This is due to the fact that indeed
within the first refinement cycle more cells are coarsened than refined, leading to an initial shift
in the medium distance towards bigger distances. For the final models the distances are well
below the initial distances, indicating the overall increase in accuracy as already indicated by
the volumetric deviation and the visible confirmation.
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Figure 29: The mean distance to the BSP tree is shown for the dike and GeoNE models. The
initial increase in distance is caused by a dominating cell coarsening in the first refinement
cycle of the GeoNE models. The final discretizations exhibit distances well below the initial
value.

2.6.2 Computing time

We show the performance and efficiency of the proposed method by a series of execution
timings. All simulations were run in serial, single threaded on an Intel Xeon E5-2650 CPU with
2.3 GHz clock speed. Figure 30 shows the time needed to generate the BSP trees for all models
used in this paper. The generation of the BSP tree shows a linear scaling with size of the input
geometry. Solely for small inputs small deviations from the linear behavior are visible. This in
however not related to the BSP tree construction but due to a small computational overhead
when generating multiple BSP trees from different geological formations. With increasing size
of each formation this overhead is relatively reduced, showing better linear scaling.
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Figure 30: The BSP generation shows excellent linear scaling for moderate to large input files.
Small input files suffer from a slight computational overhead if multiple BSP trees are
generated for a series of geological formations such as the smallest GeoNE model.

The overall timings for the generation of the final discretization for all models is shown
in Figure 31. Output of the final discretization as well as the actual refinement are the main
contributors to the overall runtime of the execution. Again, the near-linear scaling of the
generation of the BSP trees is visible, particularly for the four GeoNE models. We observe that
the time consumed by the refinement procedure does not appear to strongly depend on the size
of the BSP tree, and also not strongly dependent on the number of triangles in the input. The
figure further shows that the main contributor to overall execution time is the output. This time
is shared also with other mesh generators and needs to be taken into account when comparing
execution timings. In general, the execution times range from less than 1 min for the simple
LUSI model without faults up to about 12 min for the largest of the GeoNE models with an
overall input size of roughly 12 million triangles. It becomes evident that the execution time
strongly depends on the complexities in the model. Better refinement criteria might mitigate
this effect in the future.
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Figure 31: Comparison of the execution times of the different models discretized by HULK. All
models were executed in a single threaded on an Intel Xeon E5-2650 CPU with 2.3 GHz clock
speed. The execution time strongly depends on the complexities in the geological model

(cf. Table 1).

2.6.3 Comparison with uniform refinement

We can further evaluate the efficiency of our refinement technique by comparing the refinement
behavior of all models compared to uniform global refinement. The refinement curves in Figure
32 show the number of cells depending on the refinement cycle. Two theoretical curves for
uniform global refinement with different number of initial cells are also shown. It can be seen
that the proposed method is effective in terms of refinement cost as both models have a
refinement factor much less than the uniform refinement. Nevertheless, the possibility to utilize
the algorithm also on a structured grid with uniform refinement is very useful because many
reservoir simulators still utilize this type of grid, and where our algorithm can simplify and
speed up the grid generation process. In cases where the structured grid is coarse, our algorithm
can be interpreted as a very simple upscaling technique mapping the geological domains and
properties on the structured grid.
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Figure 32: Comparing the refinement factor for the models under consideration. The dashed
lines represent uniform global refinement. All models show a slope much lower than the
unfavorable uniform refinement curve, showing the efficiency of the chosen octree refinement
in the algorithm. (Note the logarithmic scale on the y-axis).

2.7 Conclusions

All three examples demonstrate that the implemented algorithm works very well. The input
geometries are reasonably well represented in the hexahedral discretizations. In general the
number of cells needed for a satisfying model is on the order of a few hundred thousand to
roughly 1.5 million cells. This is quite a large number, but compared to the grid resolution used
in classical benchmark models (e.g. Johannsen formation with 149 x 189 x 16 = 450,576 cells
and SPE10 with 60 x 20 x 85 = 1,122,000 cells) it is competitive (Eigestad et al., 2009; Christie
et al., 2001).

A common solution strategy for these large full field models is the division into smaller sections
and a successive solution of each section. This procedure could also be applied to the mesh
constructed by our algorithm if the required number of cells is too big for a full field solution.
Nonetheless, state-of-the-art parallel subsurface simulators such as pflotran are able to handle
large number of elements (Hammond et al., 2014). With the utilization of new programming
techniques and the advances in hardware accelerators will enable and promote simulations with
multi-million cells. The number of hexahedral cells necessary for the models is also comparable
to the number of cells in a corresponding tetrahedral triangulation. To compare against a
tetrahedral discretization, we used the open source software gmsh and computed a conforming
tetrahedral triangulation on each formation of the LUSI model (Geuzaine and Remacle, 2009).
We find that in this case the number of tetrahedral cells (gmsh: 421,392) needed is even greater
than the hexahedral approximation by HULK (346,991). It is important to note that the
tetrahedral discretization algorithm builds a conforming mesh which coincides exactly with the
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input geometry. Thus the quality, namely the number of elements of the input geometries'
discretization, is directly linked to the number of cells in the final mesh. In HULK however, the
accuracy of the initial boundary description is not directly linked to the number of cells as we
are only interested in a good quality non-conforming approximation.

The implemented algorithm could be improved by a technique called edge-snipping, which
would result in a conforming mesh by moving the outer boundary vertices to the exact position
of the input geometry surface. This procedure, however, comes at a high computational effort,
and even prohibits some parallelization techniques such as scalable adaptive mesh refinement
that performs better on structured octree grids (Burstedde et al., 2011). Therefore it has been
omitted in the current work but yields a possible extension of the algorithm for the future.

Accounting for structures in the subsurface using a geological model efficiently helps increase
the accuracy of any kind of numerical subsurface simulation. We developed and implemented
a fast and efficient hexahedral mesh generator for subsurface simulations. The underlying
theory and the simple structure of the algorithm makes it also possible to implement the
algorithm directly in the discretization part of other simulation software. However, it can also
be used as a stand-alone preprocessing unit. Simulators that use adaptive mesh refinement based
on the physics can utilize our method within their simulations to dynamically resolve only those
parts of the input geometry that are of interest in the current state of the simulation.
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3.1 Introduction

The purpose of this paper is to develop a high resolution 3D heat and mass transport model
using multi-GPU parallel processing incorporating dehydration reactions and porosity changes
in response to input of a substantial heat source, and to determine its scalability on multiple
GPU’s. The application of this work is to investigate a generic case of the consequences of a
magmatic intrusion within a sedimentary basin. The most relevant system where this applies is
the Lusi geyser system in Java, Indonesia (Mazzini et al., 2012), but the model applies to any
situation where heat input results in dehydration of hydrous minerals.

The use of supercomputing in Earth sciences, in both research and industrial applications, has
increased dramatically over the last decade. “Software scalability is the most significant
limiting factor in achieving the next 10x improvements in performance, and it remains one of
the most significant factors in reaching 1000x” is one of the key findings of the recent High
Performance Computing (HPC) market study by the U.S. Council on Competitiveness (Stefano
and Hailu, 2014).

Since the beginning of the 21st century, academia and industry have been limited in adapting
3D software and numerical algorithms to the changes in hardware evolution. As a result, many
3D applications and algorithms are not well suited for the available hardware, limiting
performance far below the hardware’s peak. In this article, we describe and present a simulator
designed for multi-GPU workstations, clusters, or supercomputers. The algorithm solves
systems of strongly non-linear partial differential equations (PDEs) at very high spatial and
temporal resolutions, and it’s thus capable of resolving many scales in both space and time.
Non-linear couplings arise in many natural and engineered systems, including those described
here involving fluid flow, mass and heat transport in fractured porous media. We also consider
porosity and permeability changes due to dehydration reactions, where the porosity created
from the reaction is less than the fluid mass generated, thus resulting in local fluid overpressures
at the dehydration nucleation site.

The development of scalable and efficient parallel subsurface simulators is not trivial. There
are only few computational tools which used multi-CPU or even multi-GPU technology for
underground fluid dynamics, but it is of main interest today (Bangerth, 2007; Galvan & Miller,
2013; Kolditz et al., 2012; Hammond et al., 2014). The development of new algorithms that are
well suited for current and future hardware is essential in many ways. One challenge consists
of modifying algorithms that are sophisticated and state-of-the-art, but not well suited for
current hardware. Another issue is that simple algorithms that are well suited for parallelism
and have regular data access patterns are typically rather old but mostly don’t include state-of-
the-art processes. This approach have been successful in several cases (Datte et al., 2009; Gysi
etal., 2015; Krothiewski & Dabrowski, 2013; Micikevicius, 2009). The stencil-based methods,
which permit building solvers for partial differential equations (PDEs) is perfectly adapted for
the current hardware (Strikwerda, 2004). So the idea is to design a tool with iterative methods
using Finite Difference (FD) and a regular Cartesian grid avoiding any direct methods using
complex techniques to compute derivatives and unstructured grids.
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Many numerical models have been developed for reactive transport considering heat and mass
transport through porous media with even more complex multiphysics (Kolditz et al., 2012;
Hammond et al., 2014). The need for predictive tools led to the development of reactive models
considering reaction kinetics and reaction induced changes in porosity (Lichtner & Carey, 2006;
Lichtner & Kang, 2007; Steefel et al., 2005; Xu et al., 2006). However, none of them used
multi-GPU computing.

Our workflow incorporates complex 3D geological structures using a grid generator (Jansen et
al. 2017) with parallel scaling to simulate the physical processes under consideration (Figure
33). We solved the equations governing fluid flow and mass transport in a system undergoing
thermally induced dehydration reaction/porosity creation on a multi-GPU (Graphics Processing
Unit) parallel processing platform to efficiently calculate the 3D time evolution of fluid flow
with mass and heat transport generating porosity and permeability evolution in a reactive
system at high resolution. Post processing data analysis and visualization are performed with
open source platform Paraview (Henderson et al., 2004).

~ Visu

(Paraview, Vislt, ...)

Figure 33: Our workflow for 3D numerical modelling based on “High Performance
Computing” algorithms using CPU, GPU or MIC clusters.

Understanding these processes using High Performance Computing (HPC) is fundamental for
geo-resource development or CO2 sequestration where the reaction rate of minerals regarding
COgz-water also depends on porosity volume change by temperature and pressure
decarbonization. We conclude the article with an outlook for future development of our multi-
GPU simulator.

3.2 Methodology and implementation

3.2.1 Conceptual model

We consider the case of a heat and fluid flow in a hydrothermal system where a magmatic
intrusion at depth induces large-scale dehydration of hydrous bearing rocks or clays (Figure
34). The addition of substantial water to the system will increase fluid pressure, and if the fluid
pressure is greater than the minimum principle stress, this induces local hydro-fractures. This
sudden volume expansion similar to corn popping, produces fluids which will rise to the surface
in different manifestations of hydrothermal systems such as hot springs, mud volcanoes or
geysers systems. Many studies have shown that the dehydration of different rock types should
be considered in deep hydrogeological or geothermal processes, and different models have been
proposed (Miller et al., 2003, Malvoisin et al. 2015, Omlin et al., 2017).
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Figure 34: General conceptual model for a fluid pressure-controlled by dehydration in deep
hydrothermal system or geothermal reservoir. Under conditions of increasing temperature and
pressure, dehydration reactions begin for minerals (e.g. clay minerals).

The large-scale geology considers all the structural complexities and heterogeneity introduced
into the model. We include a model for fluid generation from metamorphic reactions, in this
case dehydration of hydrous clays, but can easily be adapted to other dehydration or
decarbonization reactions that produce either water or CO2. Metamorphic reactions result in
fluid pressure changes between fluid phase and solid matrix phase, thus modifying porosity and
permeability through time. Conceptually, reactions can also induce hydro-fractures (Connolly
et al. 1997; Miller et. al., 2003) further enhancing the permeability network. Fluids move
relative to the solid matrix in response to fluid pressure gradients.

3.2.2 Mathematic model

3.2.2.1 Large-scale hydrothermal systems or geothermal reservoirs

The physical behavior of large-scale hydrothermal systems or geothermal reservoirs entails
coupled and nonlinear flow, mass and heat transport, and deformation in highly heterogeneous
geological media. Simulating these complex systems relies on numerical solutions to coupled
partial differential equations (PDEs) and complementary equations of state (EOS). For decades,
natural and engineering sciences have seen a growth in computational power for numerical
models that has eliminated or minimized various simplifications like physical processes, three-
dimensional structures of conceptual models or time scale assumption. Hydrothermal systems
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have immense scientific and engineering significance and have been studied though many
disciplines to understand their geothermal potential (Bowen, 1979; Ingebritsen et Sanford,
1999; Ingebristen et al., 2010; Jeanne et al., 2014; Karyono et al., 2017; Lizarralde et al., 2010;
Mazzini et al., 2012; Svensen et al. 2009; White, 1957). The physical understanding of these
deep complex systems is challenging where data acquisition is difficult or sometime impossible
and where numerical modelling is the only “cheapest“ and “fastest” way, compared to deep
borehole campaigns, to understand what occurs at depth.

3.2.2.2 Permeability and porosity model for clay dehydration reaction

Clay dehydration is a step function that involves large and sudden volume changes related to
release of water with loss of water layers. The sudden volume changes and the release of water
are possibly not restricted to the conditions of diagenesis, but also due to metamorphism with
an increase of pressure and temperature. Thermodynamic data can be used to quantify these
processes. Vidal and Dubacq (2009) showed that the volume and water content of a rock with
a bulk composition corresponding to 50% Na-beidellite and 50% Na-saponite metamorphosed
along a hypothetical P-T path from 25°C at 1 MPa up to 400°C and 500 MPa (Figure 35). These
results show that the rock volume and the water-content variation associated to clay dehydration
are far from negligible, and a similar evolution in natural conditions should have a strong impact
on the rheology and hydrogeology of clay-rich rocks.

74



3. GEYSER: 3D Thermo-hydrodynamic reactive transport numerical simulator...

Pressure [MPa]

1 10 50 100 500
500 a L i
—\/olume }24
E 450+ molHO |,
4 i
5 4001 16 g_
Y L
1S e
v 3504 12 "o
E o
= 8
g 300. \ﬁ_.
4
250

0 100 200 300 400
Temperature [°C]

Figure 35: Evolution of the water content of clay (blue line) and total volume of solids (brown
line) as a function of pressure and temperature (modified after, Vidal and Dubacq, 2009).

The measurements in Figure 35 are implemented into the model. These processes may control
some over-pressure behavior at hot springs, geysers, or sedimentary-hosted hydrothermal
systems (Mazzini et al., 2012).

3.2.3 Governing equations

Natural convection is the phenomenon of fluid flow driven by density variations in a fluid
subject to body forces. Density is a function of pressure, temperature or solute concentration
(in the case of a binary mixture) and its variation with respect to pressure is much smaller than
that with respect to temperature or concentration. Hence, the convection can be driven either
by temperature variations or by variations in solute concentration or by both. The solute or heat
transport equation should be included in the model and should be extended as well to account
for the solute effect on density. We formulate the governing transport equation in terms of fluid
pressure, temperature or concentration. We assume that the system is in thermodynamic
equilibrium, heat conduction is predominant in the rock and can be described by a bulk thermal
conductivity and that capillary pressure effects are negligible (Bear, 1972). The subscripts 5’
and f”refer to the solid and the fluid phase.
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3.2.3.1 Mass conservation

The basic equation describing filtration of a fluid though a porous and reacting medium is the
continuity equation, which states that mass is conserved:

A(prd + ps(1 — ¢))
ot

+ V- (prdvp + ps(1 = P)vs) = 0

(3.1)

where ¢, p, v are the porosity (volume fraction of fluid), the densities and the velocities,
respectively. The subscripts fand s denote the properties of the fluid and the solid, respectively.

Mass of nonvolatile species is conserved as well (Malvoisin et al., 2015):

a(ps(l - Xs)(l - ¢))

+ V- (ps(1 = X)(1 = P)vs) =0

ot

(3.2)
3.2.3.2 Conservation of momentum
The conservation of fluid momentum is expressed by the Darcy’s law:

kod®
Pp(vr—vs) = — (VPr — prg)
Ky
(3.3)

where the permeability is related to the porosity through the Kozeny-Carman relationship with
an exponent 3 and a constant background permeability k, (Carmen, 1937, 1956; Kozeny,
1927). uy is the fluid viscosity, g is the gravitational constant and Py is the fluid pressure

The fluid pressure considering the impact of rock dehydration on volume change (rock
density p, constant without viscous deformation) can be expressed as (Malvoisin et al., 2015):

ko

3 dP p 1-¢ dX
f S s

\Y VP —prg) = Perr—— +|1——|" :
Ur ( r b ) I qdt ( > 1-X, dt

(3.4)
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where the amount of fluid into the solid X is calculated at the equilibrium with a fit of the data
of Vidal and Dubacq (2009) giving X; as a function of temperature in the smectite/illite system.
Br and B are the fluid and pore (crack) compressibility, The effective compressibility S, is
described by:

Bs
1-¢

Berr = Br +
(3.5)

The porosity change due to fluids extraction from the rock by metamorphism can be expressed
by (Malvoisin et al., 2015):

dp _ , db_ (1-¢) dX,

dt - TSdt (1-X,) dt

(3.6)

3.2.3.3 Energy conservation

The energy heat conservation over an elemental volume of medium for a solid and a fluid phase
and considering thermal equilibrium so that 7= Ts = Ty (Nield et al. 2006):

((1 — )pscs + (,'b(pfcf)) 60—7; + (pres)vs - VT
Sz (((1 — $)As + i) VT) +((1 - ¢)a, + 0q5)
(3.7)

where ¢ is the specific heat of the phase, A is the thermal conductivity and ¢ is the heat
production per unit volume. Equations 3.1 to 3.7 results in a highly nonlinear system of
differential equations solved here by using a Finite Difference (FD) method (Patankar, 1980).
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3.2.4 Numerical model

The theory is implemented into the simulator that solves the coupled equations (3.1) to (3.7)
with a finite difference scheme (Figure 36).

Model Input

While time < Time end

.

Solve
Pressure

v

Calculate
Darcy Velocity

v

Solve
Heat Transport

v

Solve
Porosity Evolution

v

Calculate
Permeability Evolution

Time > Time end ‘—

Model Output

Figure 36 : A simplified flowchart of the implementation solution strategy for coupled flow
and reactive transport problems including porosity and permeability evolution.
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We use an explicit finite difference discretization on a staggered grid. The temperature equation
is solved by applying an Eulerian upwind approach. The intensity of the numerical diffusion
depends on the number of numerical steps performed and not on the absolute time of advection.
Time steps are sufficiently small to satisfy the time limitation condition. The 3D geometry input
is constructed using an automatic mesh generator that uses binary space partitioning (BSP)
called HULK (Jansen et al., 2017), which can deal with any 3D complex geological structures.
Here, we use a simplified 3D geological model that includes four geological layers and two
fault/shear zones. The geometry is incorporated into GEYSER via HULK to be correctly
redistributed on multiple GPUs and calculated the necessary multiphysics of interest.

A no-flow boundary condition is imposed on all boundaries except the upper surface, where a
constant head (hydrostatic pore pressure) boundary condition is imposed. The surface
temperature is set to 27°C. A geothermal gradient of 45°C/km is apply in the model. A magmatic
intrusion is imposed at 6km depth on the bottom at 500°C as a source of deep fluids (water/CO2)
as proposed in the conceptual model (Figure 37).

Water + CO2 + Dehydrated Rock

Clay formation
~1000 to 2000 m |

o>

Clay formation
~5000 to 6000 m

500°C t t t
Heated fluids (Water + CO2)

Figure 37: 3D structural fractured model considering two clay formations at different depths
where dehydration may occur considering two fault/shear zone due to geodynamics constrains.
A magmatic intrusion would be the process which will rise the pressure and temperature in the
clay formations and induce fluids liberation at the surface due to fluid migration caused by
porosity evolution in time, which would induce seismicity by permeability progression.
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We assume that flow properties of supercritical COz at the pressure and temperature conditions
is ten times more compressible than water, but it is of the same order less viscous, resulting in
similar flow properties. The numerical implementation of the density and the viscosity time
dependence of the fluid is following the work of Sun et al. (2008). When the supercritical point
is reached we assume Oberbeck-Boussinesq approximation (Joseph, 1976) for the fluids mass
and heat transport. General parameters are shown in Table 4.

Table 4: Fully coupled modelling parameters

Symbol Definition Units
Py Fluid pressure Pa
ps Density of fluid kg-m
Ps Density of solid kg-m™
vf Velocity of fluid m-s’!
By Compressibility of fluid Pa!
Bs Compressibility of solid Pa’!
Befr Effective Compressibility Pa’!

) Porosity -

k Permeability m?
X Mass fraction of fluid in solid wt %
T Temperature °C

Cr Fluid specific heat J/kg-K
Cg Solid specific heat Jkg K
Af Fluid thermal conductivity W/ m-K
A Solid thermal conductivity W/ m-K
qar Fluid heat production J/m’/ s
qs Solid heat production J/m’/ s
g Gravity acceleration m?s’!

The post processing data analysis and visualization is done with an integral open-source tool
related to high performance computation called Paraview (Henderson et al., 2004).
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3.2.5 Solver

The solver uses a regular Cartesian 3D grid, and spatial derivatives are computed with the
smallest possible finite difference stencil. This simple method is highly data-local, which allows
for the construction of 3D solvers that achieve performances near hardware’s peak (Krotkiewski
and Dabrowski, 2013; Micikevicius, 2009; Omlin et al., 2017), and that scale close to ideally
on thousands of GPUs (Omlin et al., 2015).

The solver features intra-GPU parallelization with CUDA and inter-GPU parallelization with
CUDA-Aware MPI. Multiple performance optimizations were applied. The solver features in
particular the on-the-fly computation of fields that do not depend on their own history, for
example fluid or heat fluxes. These fields are never stored in main memory but instead
recomputed whenever needed. Thus, we avoid the creation and access of many large arrays in
the main memory. The access of main memory is the bottleneck of our stencil applications.

3.2.6 Performance evaluation

P¢,T, @ and X, are the only fields storages that need to be stored in the main memory. As it is
presented in equations (3.1) to (3.7), these unknowns have a time derivative dependence. Thus,
to compute their state at time +dt , their previous state at time t must be read from the main
memory. Additionally, the state at time ¢t + dt must be written back to main memory, once it is
computed, in order to permit in the next iteration to compute the state at time ¢ + 2dt. Fields
P¢, T, @ and X; must therefore be updated every iteration in the main memory, i.e. read and
written. Ideally, each field must be read and written only once per iteration. The “minimally
required main memory access per iteration” of our solver, which we call “effective main
memory access per iteration” in the remainder, is:

Agpr= 2+4x N+ px107°,

where N is the number of grid points, i.e. the number of floating point numbers per field, and
p is the precision in bytes (2 memory accesses for each of the 4 fields of N grid points of
precision p) with units in Gigabytes (GB).

A simple “effective throughput metric” (GB/s) is defined in a straightforward manner as:

Aefy
tit

>

Tefr =

where t;; is the execution time per iteration in seconds.
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We always have:

Teff < Tpeak P

Theak 1s the maximum speed at which the hardware can copy data from main memory (i.e.
access it).

The ratio Tpear/Ters gives the absolute maximum possible speedup for an iteration that any
improvements in the solver's numerical algorithm or the implementation may potentially bring.
The amount of on-chip memory on current hardware does however not allow to obtain T s
very close to Tpeqr. We report in the section results (cf. Figure 38 and Figure 39) the achieved

Tess of our solver on two different multi-GPU architectures in comparison to their Tpeqp-

A great property of Tess is that it fully reflects runtime across changes of the numerical
algorithm or its implementation. Only the implemented system of equations matters for the
metric (Agss is determined based on it). The effective throughput metric is therefore highly

useful for both performance optimization and evaluation.

3.3 Results

3.3.1 Performance

Our test systems are the “Thor” cluster hosted by the Centre of Hydrogeology and Geothermics
(CHYN), Laboratory of Geothermics and Geodynamics at the University of Neuchatel
(Neuchatel, Switzerland) and the “Octopus” cluster hosted by the Faculty of Geosciences and
Environment, Swiss Geocomputing Centre at the University of Lausanne (Lausanne,
Switzerland). Thor consists of 4 compute nodes connected via a fast, low-latency InfiniBand
interconnect. Each compute node contains 2 Intel Xeon E5-2650v3 (10 cores), at 2.3GHz, 2
NVIDIA Tesla K40c (2880 CUDA cores) and one Intel Xeon Phi coprocessor. Furthermore,
each node is equipped with 500 GB Ram and a local 1TB SSD hard disk. It has an additional
HDD storage capacity of 20 TB. Octopus consists of 34 compute nodes, each containing 4
NVIDIA GeForce GTX TITAN X GPUs (Maxwell GM200 architecture; 3072 CUDA cores),
2 Intel Xeon E5-2620v3 (6 cores) and 128 GB system memory. The nodes are interconnected
with dual rail FDR InfiniBand. To sum up, Thor cumulates 8 GPUs (23’040 CUDA cores) and
Octopus 128 GPUs (393°216 CUDA cores).

Our multi-GPU simulator GEYSER reaches a performance near to the hardware’s peak and
scales close to ideally on Thor (Figure 38) and Octopus (Figure 39).
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Weak Scaling on Thor

107 ¢

Teﬁ [GB/s]

—— Memory copy
w |deal scaling
—{0— GEYSER (resolution: 384x384x384)
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Number of GPUs

Figure 38: Performance and scaling of our simulator “GEYSER” allowing for the simulation
on the Thor cluster. The effective memory throughput Tesr [GB/s] (left axis). Tors is computed
as the effective main memory access per iteration, i.e. the minimally required main memory
access per iteration [GB], divided by the execution time per iteration t;; [s].
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Weak Scaling on Octopus
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Figure 39: Performance and scaling of our simulator “GEYSER” allowing for the simulation
on the Octopus cluster. The effective memory throughput Terr [GB/s] (left axis). Tess is

computed as the effective main memory access per iteration, i.e. the minimally required main
memory access per iteration [GB], divided by the execution time per iteration t;; [s].

3.3.2 Numerical simulations

We adopt a numerical model for porosity and permeability evolution as a highly non-linear
function. The simple structural geology implemented in the simulator is shown on Figure 37.
In our model we implemented four different layers crossing by two fault/shear zones for a
simple large-scale hydrothermal system (Figure 40). We used this simple geometry because it
can be relatively and easily correspond to general sediment-hosted hydrothermal systems
(Mazzini et al. 2012), however any complex 3D geological model can be used via HULK
(Jansen et al. 2017). We made an artificial “test case” but feasible initial condition of a 3D
structural geology with a heterogeneous permeability distribution from 1 to 5-10"'” m? for the
geological layers and values from 1 to 5-107'° m? for the two fault/shear zones. The initial
porosity distribution for the geological layers has a value of 0.1 considering a large-scale
thermo-hydrodynamic system and the two fault/shear zones has a value of 0.15. The initial
parameters used in the simulation are shown Table 5, they are representative of a sediment-
hosted hydrothermal system in a volcanic arc where hot springs, mud volcanoes or geysers are
common (Pollack, 1993; White, 1957).
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Table 5: Initial parameters used for simulations presented on Figure 41 to Figure 45.

Parameters Values
Surface temperature 27°C
Geothermal gradient 0.045°C/m
Rock density 2650 kg/m?
Thermal conductivity (fluid) 0.6 W/ m-K
Thermal conductivity (rock) 2.1 W/m-K
Specific heat capacity (fluid) 4190 J/kg-K
Specific heat capacity (rock) 1000 J/kg-K
Compressibility (fluid) 1--19Ppal
Compressibility (rock) 1 Pa’!

The numerical simulator resolves 3D time dependent evolution of pressure (Py), temperature
(T), porosity (@), permeability (k) and quantity of fluid (Xs) filing the porous media in large-
scale hydrothermal systems or geothermal reservoirs. We present here results of high-resolution
simulations for a special “test” case. All simulations were run on multi-GPU on Thor cluster (8
GPUs) or on multi-GPU on Octopus cluster (128 GPUs). On Figure 40, we show the 3D simple
geological grid transferred on multi-GPU. We performed a series of 3D simulations with this
structural geology for fluid density driven by pressure, temperature, water content, porosity and
permeability evolution.

Figure 41 to Figure 45 show the state of the system for different time during the simulation
generated by fluids dehydration. Figure 41 show the pressure evolution in time for different
time steps through the two fault/shear zones. Figure 42 show the temperature evolution from
the heated fluids coming from 6km depth through the two fault/shear zones. The thermal
structure with higher permeability in the fault/shear zones of the system undergoes significant
changes from incipient to the simulation. The temperature reached ~350°C, through the two
fault/shear zones, at 3km depth after 50 years of simulation. Considering high pressure and
temperature Figure 43 show the water liberation through the two clay layers. The consequence
on the porosity and the permeability is shown on Figure 44 and Figure 45 with an increasing
change of the rock properties in the two different clay layer depth through the two fault/shear
zones.
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The structural geology considering two fault/shear zones and the multiphysics involved in such
system were successfully implemented and resolved in 3D with our multi-GPU tool GEYSER
reaching a performance close to hardware limit (Figure 38 and Figure 39).

fault/shear zones numerical grid

geological clay layers

a) b)

Figure 40: 3D structural volume information a) from our grid generator b) implemented for
multi-GPU distribution on GEYSER.
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P [MPa]
30
'

10 km 10 km

10 km 10 km

Figure 41: Evolution of the pressure field over different time a) 5 years, b) 25 years, c) 50 years
and d) 100 years through the two fault/shear zones.
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TrC)
263 381 500
— !

c) d)

Figure 42: Evolution of the temperature field over different time a) 5 years, b) 25 years, c) 50
vears and d) 100 years through the four different geological layers and two fault/shear zones.
The temperature field colour opacity over the entire 3D system was reduce to highlight the
temperature evolution in the two fault/shear zones.
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10 km 10 km

10 km 10 km

Figure 43: Evolution of the mass water contented in the clay layers over different time a) 5
years, b) 25 years, c¢) 50 years and d) 100 years through the two fault/shear zones.
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10 km ' 10 km

Figure 44: Evolution of the porosity in the clay layers over different time a) 5 years, b) 25 years,
¢) 50 years and d) 100 years through the two fault/shear zones.
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10 km - - 10km

Figure 45: Evolution of the permeability in the clay layers over different time a) 5 years, b) 25
years, c) 50 years and d) 100 years through the two fault/shear zones.
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With results presented, we can observe that the evolution of the pressure and the temperature
(Figure 41 and Figure 42) has an important effect on the dehydration of the clay rock layer
(Figure 43) as observed in laboratory by Vidal and Dubacq (2009). The dehydration effect is
clearly impacting on the two different depth of the 3D model (Figure 44 and Figure 45). The
effect is more important, as expected, in the fault/shear zones (considered 100x more permeable
than the rest of the model), but the liberation of water content in the clay rock is liberated at
both levels (Figure 43). As we can see on Figure 44, the porosity evolution is more important
in the lowest layer (~1000 to 2000m), which demonstrate that more fluids is liberated and can
reach the surface from this specific geological layer. The initial natural condition (hydrostatic
pressure and geothermal gradient) has a major impact on the dehydration of the entire system.
But after a certain time the fluids coming from the deepest layer (~5000 to 6000m) will also
reach the surface. We observed that the permeability of the clays is what drives the fluids to the
surface is clearly flowing through the channel which combine the geological layers together.
The dehydration of the clay can have important effect on induced seismicity. As it is shown on
Figure 45 the permeability is increasing through time slowly put on a long time period the
liberation of water at different level would liberate a quantity of fluids not negligible and the
fault/shear zones would be a perfect path for driving these quantities of fluids to the surface and
cause many different kind of natural hydrothermal eruptions. This simple conceptual model is
physically and numerically presented here with a powerful multi-GPU tool, but would be of
interest to apply this model to a real world case study.
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3.4 Discussion and conclusions

We developed and implemented a fast and efficient methodology using high resolution
technology to simulate physical processes for large-scale hydrothermal system or geothermal
reservoirs. The goal of this work was to present a conceptual model for rock (e.g. clay)
dehydration in hydrothermal environment and use a multi-GPU programming cluster to model
the space and time evolution in 3D in order to handle the complexity of deep hydrothermal
systems or geothermal reservoirs. Our conceptual model can easily explain complex physical
behaviors of such hydrogeological systems. Our algorithm GEYSER shows that it simulates
such complexity at high resolution very quickly. The computational power of GEYSER almost
reaches the peak performance of the multi-GPU used. It can be run on a single work station, a
cluster or even a supercomputer.

The simulations showed that the combination of high pressure fluids with high temperature can
substantially increase porosity and permeability evolution over time when water is liberated
from clay rocks due to pressure and temperature increases. Our state-of-the-art tool correctly
simulate the physics of fluid flow and heat transport through complex geological media
considering liberation of water, based on thermodynamic calculation. Rock dehydration can
liberate a no-negligible amount of fluids and may induce seismicity at different hydrogeological
scales.

Although we assumed a single phase fluid (water and CO2) and no rock density changes, it
would be interesting to observe how the simulator would perform by implementing
multicomponent, multiphase changes, stress dependency or poro-elasticity processes. The
strong non-linearity of these processes would probably influence the performances.

We should also add an in-situ visualization with Paraview (Ayachit et al. 2015) or Vislt
(Visltusers). In-situ visualization software enables connecting directly to a running simulation
and allows the visualization of intermediate or final simulation results continually, direcly
accessing the data in the memory. Testing GEYSER on the supercomputer “Pitz Daint” (5000
GPUs) at the Swiss National Supercomputing Centre would be of interest to get the highest
performance from our simulator and the highest resolution of future simulations.

To conclude GEYSER is a powerful tool for simulating large-scale hydrothermal system or
geothermal reservoirs with high resolution. Our future goal is to use it for a real world case
study involving a large-scale natural hydrothermal system and add a real case geological
structure of such systems and comparing it with data field measurement. This approach would
be important to predict any driven fluids to surface acting like hot springs, mud volcanoes or
geyser eruptions. Using this simple conceptual model and using our High Performance
Computing (HPC) tool would be very beneficial in forecasting any potential evolution of
hydrothermal eruptions or predicting long term geothermal reservoir production.
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“Lusi is the most powerful and interesting disaster | have ever seen!
Since the beginning, for me, Lusi has been a geyser system.”

Trying to understand my natural conceptual perception of Lusi.

This article is published in Marine and Petroleum Geology Journal, February 2018
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4. Numerical modelling of the Lusi hydrothermal system: Initial results and future challenges

4.1 Introduction

4.1.1 Hydrothermal system

Geysers and hydrothermal eruptions (e.g. hot springs) show a wide range of eruptive styles that
are driven by large-scale complex geodynamic processes and groundwater recharge. The
convection of fluids in the subsurface plays a leading role in many geological and
hydrogeological processes. These deep hydrothermal systems can be of significant importance
for geo-resources such as geothermal energy.

Since May 2006, the Lusi mud eruption in East Java, Indonesia, (one of the largest natural
disasters in East Java (Van Noorden, 2006)) behaves as a geyser and has led to wide interest
across the scientific community (Karyono et al. 2017; Lupi et al., 2013; Mazzini et al., 2007;
Mazzini et al. 2012; Zoporowski and Miller, 2009). The onset of the Lusi eruption has
previously been described to be linked to petroleum drilling in the vicinity of Lusi (Davies
et al., 2007, 2008, 2010; Tingay et al., 2008, 2015) as well as have been triggered by a 6.3 M
earthquake that struck the southern part of Java (southwest of Yogyakarta, ~250 km from Lusi)
about two days before the eruption (Lupi et al., 2013). Lusi has continuously discharged mud-
breccia, liquid water, and released to the atmosphere aqueous vapor containing a small
percentage of CHs and primarily CO2 (Mazzini et al., 2012; Vanderkluysem et al., 2014). Lusi
has been described as a newborn, tectonic scale, sediment-hosted hydrothermal system linked
to the SW adjacent Arjuno-Welirang volcanic complex through the Watukosek fault system
(Istadi et al., 2012; Mazzini et al., 2009, 2012, 2018). Numerical modelling of such complex
systems is a challenge because it must take into account a variety of coupled thermal, hydraulic,
mechanical and chemical (THMC) processes. To provide first estimates of the behaviour of this
deep hydrothermal complex, geological structures of the sedimentary basin in East Java must
be constrained, and the fluid dynamics, mechanics and the heat transport need to be investigated
in three dimensions. Modelling these processes numerically at adequate resolution and
reasonable computation times requires a suite of tools (cf. Figure 46) that we are developing
and/or utilizing to investigate the Lusi system.

Meshifig Hexahedron

(HULK)

Figure 46: Ideal workflow for 3D numerical modelling based on AMR algorithm, C++ libraries
and MPI architecture CPU/GPU.

In this paper, we discuss the geological background of the Lusi system and its context within a
sediment - hosted fractured hydrothermal system. We then construct a geological model based
on data gathered from previous studies prior to the initial eruption including seismic lines and
borehole information. From the geological model we construct a numerical grid using our mesh
generator “HULK” (Jansen et al., 2017) that provides the numerical domain. The governing
equations relevant to this system are discussed, and we present simulation results for a two-
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phase system (Water/CO2) coupled to a simplified model of mechanics to help understand the
birth of Lusi from a hydrogeological perspective. We conclude with an outlook for future
simulations using additional geophysical observations, and discuss the requirements for
implanting our algorithms on High Performance Computing (HPC) platforms.

4.1.2 Geological background

Lusi is situated in an inverted back arc basin in East Java, where a large number of grabens and
half- grabens formed during rifting stages of the Eocene (56 to 36 Ma) to Early Oligocene (35
to 30 Ma). Following a period of quiescence, a phase of local deformation and active volcanism
began in the late Miocene (7 Ma) (Doust & Noble, 2008). Rapid sedimentation produced a thick
sedimentary package, including over-pressured clay layers at depth. The regional scale
conceptual model (Figure 47) includes a heat source from a magma chamber and a proposed
dike intrusion (Mazzini et al., 2012), and an overall hydrogeological model with fluid flow
driven by hydraulic gradients provided by the Arjuno-Welirang volcanic complex, situated
between 10 km for the Penanggungan to 20 km considering the rest of the complex, SW of
Lusi. The geological stratigraphy of the region (Figure 47) described in Mazzini et al., 2007,
Mazzini et al., 2012 and Samankassou et al., 2018 is given by the Pucangan Formation (yellow)
, the Bluish Grey clay (brown) from the Upper Kalibeng Formation, the Volcanoclastics (red)
from the Upper Kalibeng Formation, the Kujung/Prupuh/Tuban Formations (blue) and the
Ngimgbang Formation (green).

Sw Arjuno-Welirang NE

volcanic complex

Super critical
zone

2

I:I Sand and Shales - Volcanodlastic D Mudstone I:l Volcanic Arc Formation - Recent Volcanic Formation
- Clay I:l Cabonate l:l Tectonised Oceanic Crust - Oceanic Crust

Figure 47: Conceptual hydrogeological framework of East Java shown as a SW-NE cross-
section of the sedimentary basin of where Lusi occurred.
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4.1.3 Conceptual model

From previous studies (Istadi et al., 2012; Kusumastuti et al., 2002), we combine the geological
history of the region with geochemical analyses (Inguaggiato et al., 2018; Malvoisin et al.,
2016; Mazzini et al., 2012; Mazzini et al., 2018; Sciarra et al., 2018; Vanderkluisen et al., 2014;)
to establish a conceptual and numerical framework to understand in 3D the Lusi geyser system.
The dynamics of this system are driven by groundwater flow and CO2, typical of geyser
systems. Understanding the fate of the fluids requires determining their origin and temperature
at depth, and the underlying hydrogeology. One of the Lusi mud breccia sources are the bluish
grey clays of the Upper Kalibeng Formation present between from 900 - 1830 m depth (Mazzini
et al., 2007), while isotopic compositions of hydrocarbons and CO2 contained in the boiling
fluids suggest an additional deeper origin of the fluids controlled by the Watukosek strike slip
system and the Siring antithetic faults system (Mazzini et al., 2012, 2017). This additional
source is confirmed by the presence of two fluid sources determined from surface deformation
(Shirazaei et al., 2015). The stratigraphic units, the temperature and the composition of the fluid
in the two sources are well-constrained (Mazzini et al., 2018).

Analysis of major ions shows that the Lusi water is enriched in most elements, particularly Na,
Cl and Li with low Mg and K. The *H results show meteoric water age prior to the 1950’s, and
14C results give ages around 16’000 years, indicating mixing of deep fluids and meteoric water.
Stable isotopes used to trace the source of water molecules indicate illitization of the clay
present in the Upper Kalibeng Formation, and the mixing of seawater and water of volcanic
origin. Lithium enrichment suggests a contribution from the mixing of hydrothermal water and
seawater. Comparison of various parameters indicates that the erupted Lusi water is a mix of
fluids originating from different levels and formations comprising meteoric fluids, dehydration
fluids, seawater entrapped fluids, and hydrothermal fluids (Mazzini et al., 2018).

The Kujung and Prupuh Formations, at a depth of between ~ 3 to 4 km (Moscariello et al.,
2018), is likely highly permeable and could conduct a large amount of water necessary for the
large outflow observed at the surface. The Arjuno-Welirang volcanic complex, situated
between 10 km to 20 km SW of Lusi, and the entire sedimentary basin of East of Java could
offer the hydraulic gradient necessary to drive the erupted deep fluids (Figure 48).
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Figure 48: A) 3D structural conceptual model considering five main hydrostructures and two
main major shear zone on the Lusi site due to the geodynamic constrains. B) 3D fluid dynamic
conceptual model into fractured porous media considering two fluids (Water & CQy) filling the
entire Lusi system.

4.2 Methods

4.2.1 Geological modelling

The methods used to construct the geological model have been described in detail elsewhere
(Lajaunie et al., 1997; Calagno et al., 2008). A simplified stratigraphy was modelled to capture
only the main hydrodynamic structures for large-scale modelling. Five main units were
previously described in the literature for the basin, and we identified these units in the seismic
data and use them as basis for the geological model (Figure 49). These include the altered sand,
shales and clay from the Pucangan Formation (yellow), the Bluish Grey clay from the Upper
Kalibeng Formation (brown), the Volcanoclastics from the Upper Kalibeng Formation (red),
the carbonates from the Kujung/Prupuh/Tuban Formations (blue), and the mudstones from the
Ngimgbang Formation (green). We also included in the model two major faults or shear zones
(red) crossing Lusi, the Watukosek strike slip system and the Siring antithetic faults system
(Istatdi et al., 2012). The 3D model was constructed using several seismic lines and the
information provided by the boreholes Porong-1 and BJP-1. The role of these five main
geological layers and the two major shear zones / faults have a significant impact on the rising
of the fluids (water/brine and COz2) for the entire system.
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Figure 49: 3D geological model workflow for Lusi, A) Constrain the geology of the Lusi site
in Indonesia, East Java ,B) Prepare and interpret the data, C) Import seismic lines and the
borehole information into the model, and D) Create a realistic 3D geological model based on
limited data.

At the Lusi site, where data acquisition is a major challenge, numerical simulation is a powerful
tool for testing competing hypotheses. We attempt to understand this complex system at the
large scale considering some of the coupled physical processes. Recognising that, at this stage,
including all likely processes operating would not be possible, we simplify the problem from
computational viewpoint. Using several hydro/geological properties constrained for Lusi up to
3-3.5 km depth (Tanikawa et al., 2010), we also consider a larger scale up to 5.5 km from
interpreting seismic lines. Fine details of the different sediment layers may have an influence
locally, but our aim is to constrain the large-scale hydrogeology.

4.2.2 Adaptive Mesh Refinment (AMR) hexahedra numerical grid using
HULK

We adapted the geological model to a numerical grid by utilizing a recently developed, fully
automatic octree refinement 3D mesh generator using binary space partitioning (BSP), called
HULK (Jansen et al., 2017). We exported the geological model using the StereoLithography
(STL) format, which can be found in many export options of almost any geological modellers
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or computer-aided design (CAD). The HULK algorithm is an efficient technique to reduce the
number of grid cells while also minimizing the information lost between the different
sedimentary layers and tectonic structures. A comparison of Figure 49 and Figure 50 show that
the geological information remains intact using this technique. Modelling fluid flow in the
volcanic sedimentary basin hosting Lusi requires estimating properties and parameters for the
rock/porous media of each of the main sedimentary or tectonic structures.

A) B)

5.5km

Figure 50: Transfering the 3D structural volume information from a geological modeller to a
numerical grid for FD, FV or FE method calculation. A) Creating a 3D “STL”
STereLithography volume file. B) Generate a 3D hexahedral mesh using HULK.

4.2.3 Fluid dynamics of a CO: - rich aqueous fluid for a geyser system

A typical rock mass within the context of moderate to high enthalpy systems includes solid
porous media, brine, and supercritical CO2. The governing equations include contributions of
the individual constituents and their interactions. Multiphase/multicomponent flow in porous
media involves many thermodynamic states and variables, and is employed in many different
fields. In petroleum engineering, for example, the terms wetting and non-wetting phases are
used to describe the water phase and the oil or gas phases, respectively. Here, the phases are
named based on the main constituent.

The number of phases in the fluid is not known a priori. Therefore, we used thermodynamic
calculations to determine the nature and composition of the fluid expelled at Lusi.
Measurements of fluid composition at the crater reveal that the fluid expelled at Lusi is a 3%
CO2 — 97% H20 (molar) mixture with a salinity of 0.4 g/L (Mazzini et al., 2012, 2018;
Vanderkluysem et al., 2014). Therefore, we used the Equation of State from Duan & Sun, 2003
for a COz-bearing aqueous NaCl solution to predict the state and the number of phases in the
fluid at Lusi (Figure 6) assuming hydrostatic fluid pressure. As expected for the high
temperature of the fluid measured at the eruption site (e.g ~100°C, Mazzini et al., 2018), the
fluid is a H20-CO2 gaseous mixture at the surface. However, for the temperature gradient
measured by Malvoisin et al., 2016 , the fluid is found to rapidly unmix in a two phases mixture
in the first meters below the eruption site due an increse in pressure. This mixture is composed
of'a COz-rich gas and a H2O-rich fluid at least up to a depth of 3’000 meters.
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For lower temperature gradients or higher CO2 content in the fluid, the two-phase fluid may
extend to deeper levels (Figure 51). At depths below approximately 5’000 meters, the CO2
saturation curve is reached and the fluid becomes a one phase H2O-CO: liquid mixture.
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Figure 51: Temperature versus depth diagram, assuming a hydrostatic pressure gradient. The
light blue field represents conditions at which 3% CO:- 97% H20 (molar) fluid will unimix to
form a water-dominant liquid and a CO:2- rich gaz phase (Duan et al., 1992).

Based on these thermodynamic calculations, the model consist of a two phase fluid with a liquid
water phase and a CO2 gaseous phase. In detail, the water phase is a mixture of brine and
dissolved CO2 whereas the COz2 phase is a mixture of supercritical CO2 and water vapor. The
term water phase is used to indicate brine water with dissolved CO2, and the term COz2 phase to
indicate a supercritical CO2 phase with dissolved water vapor. A component represents an
independent chemical element, molecular substance or a mixture of different substances.

If no chemical reactions occur, the components are independent of each other so the mass of
each individual component is conserved by the mass balance equation. Components of a phase
are described by the mass fraction of the component, X.*, where k is a component within the o
phase. For a volcanic hydrothermal system, four mass fractions are involved, with X,,““? and
Xw" representing the mass of the CO2 component in the water phase and water component in
water phase, respectively, and Xco2¢9? and Xco2" that represent the mass of water component
in the COz2 phase and the CO2 component in the CO2 phase.

Phase changes can occur in the reservoir under certain pressure and temperature conditions.
Water is most likely present in a gas or liquid state. However, CO: can also change from gas or
liquid to supercritical fluid, or vice versa, under typical reservoir pressure and temperature
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conditions. CO2 changes to a supercritical state if its temperature and pressure exceed the
critical values, 7c“9? = 30.85 °C and Pc¢?? = 7.38 MPa.

To model the physical and chemical processes occurring at the macro-scale of a porous media,
we use the Representative Elementary Volume (REV) averaging theory (Hassanizadeh & Gray,
1979; Hassanizadeh & Gray, 1990). In REV averaging theory, macroscopic quantities are
obtained from local volume averaging of corresponding microscopic quantities. Exchange of
mass, momentum and energy between the constituents are explicitly accounted for from
interfacial effects. The averaging process is conducted by integrating the involved microscopic
quantities over a REV of volume dv and area da. The REV is chosen larger than the constituent
individual size scales and at the same time smaller than the size scale of the physical system.

4.2.4 Theory for multiphase flow in fractured porous media

Thermodynamic calculations show that Lusi is a two-phase (Water/COz2) flow system, and we
do not yet consider mixing of the two phases or any chemical reactions. We consider two
immiscible fluids simultaneously flow in the pore space with the mass conservation equation
for each phase given by:

¢%SQ+V- Ve =—(, a = Water,CO,
(4.1)

Where « is the phase index, S, [-] is the phase saturation; @ [-] is the porosity; and g, is the
source term. It is assumed that the phase velocity v, is governed by the generalized of Darcy’s
Law for multiphase flow.

1
Vg = _'u_ K, '(Vpa _pag)

a

(4.2)

With the definition of the relative permeability k,,, we can set up a relation between the
conductivity for the phase a, K, and the intrinsic permeability, K, which is fluid independent.

(4.3)

The relative permeability k,, can be considered as a scaling factor that depends on the
saturation of the phases present and satisfies the following constraint (Bear, 1972; Helmig,
1997):

0 < kyg (S1, - Snphase) <1 Va
(4.4)
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The generalized Darcy’s Law is therefore:

k
Vg = _fl( “(VDa — Pa 9)

a

(4.5)

If we consider an H20-COz flow system for Lusi under isothermal conditions, we can apply the
pressure-saturation formulation with modifications (Helmig, 1997). With a constitutive
relationship for the relative permeabilities of k., = k,-, (S, ), and the saturation constraint Swater
+ Sco2= 1, we have a complete system of equations for the unknown variables p, Swater and Scoz.

We employ a pressure-saturation formulation to solve this system of equations. Summing up
the two mass-balance equations for water and COz, we obtain the pressure equation:

V' (A0t VD) = Gtot
(4.6)

where Atot = Awater +Ac02 is the total mobility tensor and giot = gwater +¢gco2 the total source term.
Once the pressure is computed, the saturation is obtained by solving the mass-balance equation
for one of the two phases (e.g., water phase):

0
() a Swater +V - [fwater (Swater)vtot] = =4, ater

(4.7)

where the total velocity is defined as:

Vot = Vwater T Vcoz = —Atot VP
(4.8)

and the fractional flow function is given by:

krwater

Hwater

fwater krwater+kTC02

Hwater HCO,

(4.9)

Egs. (4.6) to (4.13) result in a nonlinear system of differential equation solved here by using a
sequentially implicit scheme (Kiinze & Lunati, 2012).
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4.2.5 Modelling the hydrological response to slip on the Watukosek fault

system

We are interested in gaining some insight into the evolution of fluid flow through an assumed
slipping Watukosek fault system to explore the hypothesis that the Yogyakarta earthquake
fluidized some of the sedimentary layers beneath Lusi (Lupi et al., 2013), which then injected
into, and induced slip, on the Watukosek fault system. We couple a simple mechanical model
to the 2-phase flow model to investigate flow up through the shear zone in response to slip on
that fault.

We use the same approach as found elsewhere (Miller et al., 2004; Miller, 2015), and use a
Mohr-Coulomb frictional failure criterion, an effective stress-dependent permeability, and step-
wise increase in permeability when the failure criterion is satisfied. We also assume a range of
slip surface orientations of existing faults loaded by the far-field stress state.

The dependence of permeability on the effective normal stress is needed to approximate the
change in crack aperture that accompanies both slip and increasing fluid pressure (Miller et al.,
2004). Grid points “fail” when:

T — U0err >0
(4.10)

where 7 is the shear stress [Pa], u is the friction coefficient, and o, [Pa] is the effective normal

stress, defined as:
Teff = On = Py
(4.11)

The time and location of each model “event” is catalogued. The effective normal stress o, f

and shear stress T acting on a plane through a point are:

O'1+O'3_2P 01 — O3
Ocff = > L > cos(26)
(4.12)
0, — O
T= — > sin(26)
(4.13)

where g; and o3 are the maximum and minimum principal stresses acting in the far field, and
0 is the angle measured from the plane normal to the direction of gy .
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4.3 Results

4.3.1 Coupling 2-phase flow model to a toggle switch permeability model

The 3-dimensional model is still under development, so we use a 2D profile from the 3D
numerical grid. We adopt the model for permeability as a highly non-linear function of the
effective normal stress and allow a stepwise increase in permeability when the Mohr-Coulomb
failure condition is reached (Miller et al., 1996; Miller et al., 2004; Miller, 2015). In our model,
the Watukosek fault and the Siring fault represent shear zones or conduits where the
permeability increases concomitant with slip on the fault (Figure 52).

The initial conditions at Lusi are unknown, so we assume a normal distribution of incipient slip
planes relative to the far-field stresses. This results in a complex stress state, shown in Mohr-
Coulomb space (Figure 53A), where each dot represents the state of stress acting on the plane
at angle 0 from the normal to g; and passing through the point represented by computational
nodes. When fluid pressures rise due to CO2 injection originating from a hypothesized
magmatic intrusion, the effective stress state moves, at different rates, towards the failure
condition (Figure 53 B-D). The rate of stress state migration depends on the permeability
structure within the numerical domain. We do not currently model the stress changes that
accompany slip, but the important aspect of the model is applying a stepwise increase in
permeability when failure condition is reached (Miller & Nur, 2000).

We use the Finite Volume Method (FVM) assuming an incompressible and immiscible two-
phase (Water/CO2) flow system, considering gravity coupled with a simplified mechanical
model. We use the FVM based on the subdivision of the domain in volumes to control and
integrate the governing conservation equations (Kiinze & Lunati, 2012). This method has been
developed over the last decade to efficiently solve large-scale reservoir systems.
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Figure 52: The 3D model A) is cut into a 2D slice on which the simulation take place B). C)
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Figure 53: Evolution of the stress state. A) Dots represent the state of stress on each numerical
grid cell, with the entire model beneath the Mohr-Coulomb failure condition. Fluid pressure
(Water and COy) increases in the model B) to D), numerical grid cells “fail” when they reach
the failure condition and a model “earthquake” is recorded. Time are A) 0 hour, B) 10 hours,
C) 20 hours and D) 40 hours when Lusi erupted. Two zones are described, the shear zones in
yellow and the rest of the system in blue.

We investigated under what conditions of flow would result in the 40 hours separating the
Yogyakarta earthquake and the first appearance of mud breccia outflow at the surface. We
consider two primary hydrologic structures, the clay layer (brown) and the carbonate layer
(blue) (Figure 52). The CO2 originates from an over-pressured source of deep fluids (water and
COz2) and driven by gravity. A source of fluid (water) is also imposed in the clay layer
representing the “mud” source fluidized by the earthquake. We currently ignore the mud/water
viscosity and assume water viscosity. We apply a zero pressure boundary on the top surface,
and 55 MPa (hydrostatic) pressure to the bottom surface. Water inflow is a Neumann boundary
of 1-10"® [m?/s] for both layers. The fluid properties have typical characteristics for water (brine)
and CO2 (Duan & Sun, 2003). The rock proprieties used are shown in Figure 52. The
permeability increase of a factor 10° in the shear zone if a grid cell is “failing” in the toggle
switch model. Due to the incompressibility assumption of the fluids and the applied boundary
conditions, the fluid pressure does not decrease at failure, as would be more reasonable.
Nevertheless, this simple model provides a general concept of the possible hydrodynamics
during the 40 hours following the Yogyakarta earthquake by considering hydro-mechanical
processes and a 2-phase fluid.
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Figure 54 show the fluid pressure field after 40 hours of simulation and Figure 55 shows model
results of CO: saturation at the onset of the eruption. The whole fault zone (conduit) is
mechanically altered and increased in permeability in the initial 40 hours. The CO:
concentration is generally low but reaches up to 60% in the deeper levels. The influence of fresh
water inflow (water recharge) is visible about the two layers where the CO2 concentration
decreases, which may explain that the eruptive fluid at the Lusi crater should be mainly water
from the carbonate layer and “water mud” from the clay layer. The incoming deep fluids should
also bring deeper “water mud” from the mudstone layer between the 4 to 5.5 km depths, as
recently confirmed from geodetic measurements (Rudolph et al.,, 2013), petrographic
measurements of erupted clasts (Malvoisin et al., 2016), InSAR investigation (Shirzaei et al.,
2015) and water geochemistry (Mazzini et al., 2018).
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Figure 54: Evolution of the fluid pressure field, above hydrostatic, showing high pressures
propagating in the shear zone (conduit) after 40 hours of simulation.
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Figure 55: Based on the structure shown in Figure 52, a hydro-mechanical multiphase
(Water/CO:z) simulation of Lusi through the shear zone delimitated by the two major fault
crossing the Lusi zone. It represents the fluids passing through the reactivated shear zone 40
hours after the earthquake considering the recharge of the two main hydro-geologic structures
that could be source of fluids (clay layer (brown) and carbonate layer (blue) and CO: transport
from volcanic origin through the system.

111



4. Numerical modelling of the Lusi hydrothermal system: Initial results and future challenges

4.4 Conclusions and outlooks

The objective of this work was to present an approach and some initial results for modelling
and understanding the dynamics of the Lusi sediment-hosted hydrothermal system. Our long-
term goal is to develop a 3D numerical model, based on a geological model, which couples
mechanics with the hydraulics and thermal processes driving Lusi. To date, we have utilized a
recently developed algorithm “HULK” and created a 3D numerical grid that approximates the
dominant lithology and faults in the region, but are currently constrained to 2D profiles of the
3D grid. We determined from a thermodynamic calculation for COz2 solubility in aqueous NaCl
solution system that Lusi is a 2-phase system of water (brine) and COz. This must be
incorporated into any future studies because the 2 phases ultimately control the flow properties
within the system. The small percentage of CH4 does not significantly impact the flow system,
but would be of interest to study its geochemical significance. A coupled 2-phase model with a
model of mechanics investigated under what conditions mud would arrive about 40 hours after
presumably being perturbed by the Yogyakarta earthquake. We find that using reasonable
permeability values, influx rates and outflow rates of the overall hydrogeological system can
reproduce the 40 hours interval between the earthquake and the first appearance of water, CO2
and also mud at the surface.

These first results provide a basis for more sophisticated studies, eventually in 3D, and we
introduced a workflow necessary to achieve this objective. Future work focuses on heat
transport coupled with the multiphase (Water/CO2) hydro-mechanical model presented here
and adding chemical reactions and dehydration reactions into the model for long-term
simulations. Furthermore a more realistic treatment of the underlying thermodynamics and a
deeper investigation of the role of fluid properties on fluid flow dynamics would generate
valuable insight. Our long-term goal is code parallelization suitable for High Performance
Computing (HPC) to achieve high-resolution simulations to more fully understand the complex
dynamics of this system.
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5. Multi-GPU based 3D numerical modelling of the Lusi geyser system in Java, Indonesia

5.1 Introduction

The Lusi hydrothermal system, erupting since the 29" of May 2006 in East Java, elicited debate
in science and politics (Drake, 2016; Van Noorden, 2006). During the early phases a sequence
of aligned clastic eruptions appeared through factures that followed the same orientation of the
Watukoesk fault system (Figure 56). Fluids quickly flooded large part of the Sidoarjo regency
urban area, permanently displacing 60,000 people (Richards, 2011). Twelve years later the Lusi
eruption is still ongoing displaying a perpetual geysering behavior (Karyono et al., 2017) and
flow rate of ~80,000 m?/day with significant earthquake triggered increases up to ~120,000
m’/day (Miller and Mazzini, 2018). This fascinating system displays complex interactions
between hydrothermal fluids, carbonate- and clay-rich formations in an active tectonic setting
framed by volcanic complex. Here we will not discuss the mechanisms behind Lusi’s triggering,
but will rather focus on the long time evolution of this fascinating hydrothermal system and its
potential use for geothermal resources.

3D numerical modelling is a powerful tool for investigating processes occurring in the Earth’s
interior such as hydrothermal circulation or geothermal reservoirs. The dynamics of such
heterogeneous complex systems entails coupled and nonlinear flow, heat transport, deformation
and reaction. The quantitative analysis of these systems are challenging and depends on
numerical solutions of coupled partial differential equations (PDEs). A considerable effort was
made in last decades to use different kinds of numerical tools to model and calculate accurate
dynamic behaviors. However, scientists and engineers have not been able to adapt 3D software
and numerical algorithms to the changes in hardware evolution. Many 3D applications and
algorithms are as a result not well suited for the available hardware, which implies
performances far below the hardware’s peak. Here we report a series of numerical simulations
using multi-GPU computing to model physical processes involved in an eruptive clastic system.
The impacts of reaction and temperature changes on porosity and fluid pressure are taken into
consideration in order to determine the evolution of fluid flow. Today, 3D numerical modelling
of hydrothermal systems represent a major challenge due to the multiphysics processes involved
(Ingebristen et al., 2010; Jeanne et al., 2014). Many processes are involved regarding short or
long term mechanisms (Bowen, 1979; Ingebritsen & Sanford, 1999; Lowenstern & Hurwitz,
2008; Hurwitz & Manga, 2017; White, 1957). This manuscript investigates the evolution of the
Lusi system exploring the hydrothermal fluids circulation and the connected hydro-thermo-
chemical interactions. The investigation of the complex system requires the development of
long-term computational multiphysics approaches at high resolution in 3D.

We present results showing that the evolution of the hydrothermal eruption of Lusi is connected
to the generation of high fluid pressures by dehydration reactions as proposed by Mazzini et al.
(2007, 2012, 2018). We demonstrate the validation of this hypothesis with two different
scenarios considering magmatic intrusion at 500°C and 1000°C beneath Lusi
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#Mut voleances

Figure 56: a) Inset map of Indonesia and topographic map showing the Arjuno-Welirang
volcanic complex to the south with some of the surrounding hydrothermal springs. To the north
of the island inside the sedimentary basin are located Lusi and other mud volcanoes. b) Aerial
image from the Lusi drone. Erupting craters are visible in the central part of the inaccessible
hydrothermal pond.

5.2 Methodology and model set-up

We combined a 3D geological model proposed by Sohrabi et al. (2018) which include altered
sand, shale and clay from the Pucangan Formation (blue), the Bluish Grey clay from the Upper
Kalibeng Formation (purple), the volcanoclastics from the Upper Kalibeng Formation (red), the
carbonates from the Kujung/Prupuh/Tuban Formations (orange), and the mudstones from the
Ngimgbang Formation (yellow). The model also includes two major faults or shear zones (red)
crossing Lusi, the Watukosek strike slip system and the Siring antithetic faults system (Figure
57a). This 3D heterogeneous geological numerical model is then implemented in a newly
developed numerical High Performance Computing (HPC) tool for subsurface fluid dynamics
(Sohrabi et al., 2018).
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Figure 57: Conceptual model for a fluid pressure increase-controlled by dehydration in deep
hydrothermal system or geothermal reservoir. Under conditions of increasing temperature and
pressure, dehydration reactions begin for clay minerals. a) 3D structural conceptual model
considering five main hydrostructures and two main major shear zones/fractures at Lusi site
due to the geodynamic constrains. b) 3D fluid dynamic conceptual model into fractured porous
media considering deep hot fluids filling the entire Lusi system.

The Lusi hydrothermal 3D model considers an initial conductive geothermal gradient of
42°C/km (Mazzini et al., 2007) with a fluids intrusion emplaced at 5.5 km with an overpressure
of 10 MPa. We simulate two scenarios with a different temperature of the fluid intrusion: a)
500°C and b) 1000°C. The surface temperature is set to 27°C (Svensen et al., 2018). For the
rock properties, we used parameters found in Svensen et al. (2018) for the lithology combing
with the analyses from Mazzini et al. (2012) and Tanikawa et al. (2010).We also calibrated the
simulations with the parameters proposed by the authors mentioned above. We assume that flow
properties of supercritical CO: at the pressure and temperature conditions is ten times more
compressible than water, but it is of the same order less viscous, resulting in similar flow
properties (Miller et al., 2004). The potential clay dehydration, fluid flow, mass and heat
transport in fractured porous media linked to porosity and permeability changes due to
dehydration reactions may have an impact on the outflow at the surface. Fluids production in
the future regarding the two main geological clay layers (Upper Kalibeng Formation and
Ngimgbang Formation) considered in the 3D system (Figure 57b) may change hydrodynamic
properties in a complex system like Lusi.
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5.2.1 Physical model

We use a continuum porous media approach to describe the Lusi hydrothermal system. The
highly nonlinear equations are solved with a Finite Difference (FD) method (Patankar, 1980).
The prevailing view in a large-scale hydrothermal system like Lusi is that dehydration clay
reactions can play a substantial role in porosity and permeability evolution or even in seismicity.
These changes modify the pore pressure state and can thus change the pore pressure gradients.
We use the 3D model proposed by Sohrabi et al. (2018) for clay dehydration in large-scale
hydrothermal systems or geothermal reservoirs. We used the 3D geological model proposed by
Sohrabi et al. (2018) for generating a complex distribution of porosity and permeability. We
simulated the multiphysics in response of clay dehydration using a newly developed multi-GPU
simulator (Sohrabi et al., 2018). Our tool computes the pressure (Py), the temperature (7), the
porosity (@), the permeability (k) and the fluid release from clay rock layers using the following
equation (i.e. amount of fluid bound to the solid (Xs)).

5.2.1.1 Mass conservation

Total mass conservation in a porous and reacting medium is:

A(prd + ps(1 — ¢))
ot

+ V- (prdvp + ps(1 = P)vs) = 0

(5.1)

where ¢, p, v are the porosity (volume fraction of fluid), the densities and the velocities,
respectively. The subscripts 5" and ’f”denote the properties of the solid and the fluid,
respectively.

Mass of nonvolatile species is conserved as well (Malvoisin et al., 2015):

a(ps(l - Xs)(l - ¢))
Jt

+ V- (ps(l - Xs)(1— ¢)vs) =0

(5.2)

where the amount of fluid into the solid Xj is calculated at the equilibrium with a fit of the data
of Vidal and Dubacq (2009) giving Xs as a function of temperature in the smectite/illite system.
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5.2.1.2 Conservation of momentum

The conservation of fluid momentum is expressed by the Darcy’s law:

k ¢3
P (vp—v;) = — ;

(VPr — prg)

(5.3)

where the permeability is related to the porosity through the Kozeny-Carman relationship with
an exponent 3 and a constant background permeability k, (Carmen, 1937, 1956; Kozeny,
1927). uy is the fluid viscosity, g is the gravitational constant and Py is the fluid pressure

The fluid pressure considering the impact of rock dehydration on volume change (rock
density pg constant without viscous deformation) can be expressed as (Malvoisin et al., 2015):

kog®

v (vp )= 41
up > Pr9) = Perr 4y 1-X, dt

(5.4)

Br and B are the fluid and pore (crack) compressibility. The effective compressibility B, is
described by:

ﬁeff:ﬁf+1_¢

(5.5)

The hydromechanical porosity change due to fluids extraction from the rock by metamorphism
can be expressed by (Malvoisin et al., 2015):

dp _ AP (1=¢) dX,

dt - TSdt (1-X,) dt

(5.6)
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5.2.1.3 Energy conservation

The energy heat conservation over an elemental volume of medium (solid and fluid phase) at
thermal equilibrium, 7= 7 = Ty (Nield et al., 2006):

oT
((1 — P)pscs + ¢’(Pfcf)) o+ (prep)vp VT

= v (((1 — $)As + i) VT) +((1 - ¢)as + bay)

(5.7)

where c is the specific heat of the phase, 4 is the thermal conductivity and ¢ is the heat
production per unit volume. Equations 5.1 to 5.7 results in a highly nonlinear system of
differential equation solved here by using a Finite Deference (FD) method (Patankar, 1980).

The general coupled parameters used for simulations are shown in Table 6. Parameter values
chosen for the fully coupled 3D numerical model are inputs measured and calculated from
previous studies (Mazzini et al., 2018; Svensen et al., 2018).

Table 6. Fully coupled modelling parameters

Symbol Definition Units
Py Fluid pressure Pa
ps Density of fluid kg'm
Ps Density of solid kg-m
vy Velocity of fluid m-s!
By Compressibility of fluid Pa’!
Bs Compressibility of solid Pa’!
Bess Effective Compressibility Pa’!
[0)] Porosity -

k Permeability m?
X Mass fraction of fluid in solid wt %
T Temperature °C

cr Fluid specific heat J/kg-K
Cy Solid specific heat J/kg-K
As Fluid thermal conductivity W/ m-K
A Solid thermal conductivity W/ m-K
ar Fluid heat production J/m¥ s
qs Solid heat production J/m’/ s
g Gravity acceleration m?s’!
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5.3 Results

We generated a structural grid for multi-GPU computing from the 3D geological model (Figure
58).

Altered sand,shale and clay
Pucangan Formation
K=1-10"%1m

F =010 K =3-10"[m

Siring Fault @=0.2[]
- Watukosek Fault

Bluish Grey clay
Upper Kalibeng Formation

5.5km K =510 [m?]
F=03[1]
] K = 110" [
F=012[]
Carbonates
K=1-10"%[m3 Kujung/Prupuh/Tuban Formation
@=012[]

Volcanoclastics 14km

Kujung/Prupuh/Tuban Formations 9km

K=510""[m]
@ =007[]
Mudstones
Ngimgbang Formation

Figure 58: Generation of a 3D structural numerical grid with initial parameters with
heterogeneity (permeability (k) and porosity (©)) at high resolution for multi-GPU calculation.
This numerical grid is based on the 3D geological model of Lusi presented in Sohrabi et al.
(2018).

To quantify the impact of the two different clay layers (Upper Kalibeng Formation (purple) and
the Ngimgbang Formation (yellow)) considering clay dehydration, we performed 3D
simulations in space and time. To compare them to data measured, we investigated two
scenarios with different temperature of magmatic intrusion (500°C and 1000°C). We computed
numerical simulations considering the metamorphism of the two geological clay layers from
the 3D Lusi model (Figure 57) with a starting time when Lusi began to erupt in 2006. On Figure
59 and Figure 60, we present the calculated parameters through the shear zones/faults (conduit)
as pressure (Py), temperature (7), porosity (@), permeability (k) and the quantity of fluid into the
solid (Xs) filing the fractured porous media in the Lusi system. We compare the numerical
simulations to the hypotheses proposed by Mazzini et al. (2007, 2012, 2018).

The 3D high resolution numerical results are shown on Figure 61, Figure 62, Figure 63 and
Figure 64. We simulated up to 200 years of the entire system to see the long term effect on the
calculated parameters and on the fluid outflow. Nevertheless, we display only the first 50 years
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of simulation because the results reached a steady-state after that time due to the irreversibility
of the physical processes involved.

Figure 59¢ and Figure 60e show that the deeper clay layer from the Ngimgbang Formation has
been already dehydrated up to 88% and that the clay layer from the Upper Kalibeng Formation
up to 82% before Lusi starts to erupt. The illitization of the minerals have already been
metamorphosed by the geothermal gradient and hydrostatic pressure initial condition of the
entire system. But through the 50 years of simulation, we observed that the Ngimgbang
Formation may still generate a certain quantity of water liberation 2%. And on the other hand,
the Upper Kalibeng clay Formation may liberate an amount of 8% which in term of volume of
water quantity is not negligible. This amount of release water has a consequence on the
hydromechanics of the porosity and the permeability through the shear zones/faults (conduit)
(Figure 59c¢,d and Figure 60c,d). In addition, we observe that there is an over pressure in the
Upper Kalibeng clay Formation up to 5-10MPa (Figure 59b and Figure 60b).
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Figure 59: Evolution of the calculated parameters a) temperature, b) pressure, c) porosity, d)
permeability and e) water liberation through the Lusi shear zones/ faults (conduit) considering
a fluids intrusion at 500°C over different times: 0 years (red), 5 years (green), 10 years (blue),
25 years (dashed magenta) and 50 years (dashed cyan).
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Figure 60: Evolution of the calculated parameters a) temperature, b) pressure, c) porosity, d)
permeability and e) water liberation through the Lusi shear zones/ faults (conduit) considering
a fluids intrusion at 1000°C over different times. 0 years (red), 5 years (green), 10 years (blue),
25 years (dashed magenta) and 50 years (dashed cyan).

Figure 61 and Figure 62 show the evolution of the temperature through the entire Lusi system,
and Figure 63 and Figure 64 the porosity through the two shear zones/faults (Watukosek and
Siring faults) at high resolution, since 2006 during 50 years. We observe that the temperature
initial condition (500°C or 1000°C) has not a fundamental impact on the special distribution of
the temperature in the 3D system. The diffusive effect of a magmatic intrusion in such large-
scale system came to equilibrium after a certain time. The calibration of the simulation have
shown that a constant heated source at 5.5 km depth is not a valid assumption (e.g. magmatic
chamber). The fluids temperature measured at the Lusi vent would be too high with such
hypothesis and is not consistent with the field measurement. The porosity evolution shows that
with an intrusion impose at 500°C the hydro-fractures effect is less strong than with and
intrusion impose at 1000°C, but the calculated parameters are in the same order of magnitude
(Figure 59 and Figure 60). We see also that the rest of the illitization of the minerals generate
less changes into the rock properties of the Ngimgbang Formation than in the Upper Kalibeng
clay Formation.
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Figure 61: Evolution of the temperature considering a geothermal gradient of 42°C through
the entire system and a fluid intrusion at 500°C with input parameters presented in the 3D
geological model (Figure 58) with a focus on the Lusi conduit. Time simulations are calculated
since Lusi erupted.
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Figure 62: Evolution of the temperature considering a geothermal gradient of 42°C through
the entire system and a fluid intrusion at 1000°C with input parameters presented in the 3D
geological model (Figure 58) with a focus on the Lusi conduit showing the fluids temperature
evolution. Time simulations are calculated since Lusi erupted.
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Figure 63: Evolution of the porosity considering a fluid intrusion at 500°C with input
parameters presented in the 3D geological model (Figure 58). The two shear zones/faults are
shown with a focus on the two clay layers (Upper Kalibeng Formation and Ngimgbang
Formation). Time simulations are calculated since Lusi erupted.

126



5. Multi-GPU based 3D numerical modelling of the Lusi geyser system in Java, Indonesia

phi [-]
017 019 023 : 03
R T

Siring fai”{_, . Siring fault_

— _y\{.?tukosek fault

14 km " o km 14km f 9 km

a) 5 years b) 10 years

Siring fault Siring fault
i . : =S

14 km ! okm 14 km ! 9 km

C) 25 years d) 50 years

Figure 64: Evolution of the porosity considering a fluid intrusion at 1000°C with input
parameters presented in the 3D geological model (Figure 58). The two shear zones/faults are
shown with a focus on the two clay layers (Upper Kalibeng Formation and Ngimgbang
Formation). Time simulations are calculated since Lusi erupted.
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We calculate in terms of volume, the amount of fluids released at Lusi in the two different clay
layers (Upper Kalibeng Formation and Ngimgbang Formation) after Lusi starts to erupt (Figure
65). Respectively, the Upper Kalibeng Formation release four time (~4x) more water than the
Ngimgbang Formation. The results found within the first decade overestimate of a factor of ~2
to 3 the measured outflow of fluids at the Lusi site (Mazzini et al. 2007; Mazzini et al. 2012).
The volume of water released is of 240,000 m*/day for a magmatic intrusion at 1000°C and of
230,000 m*/day for a magmatic intrusion at 500°C during the first decade. We calculated the
outflow caused by clay dehydration around 60,000 m*/day after 25 years and 343 m®/day after
50 years for a magmatic intrusion at 1000°C. With a magmatic intrusion at 500°C, we estimate
the water release caused by clay dehydration around 51,000 m®/day after 25 years and 184
m3/day after 50 years. After that time, the Lusi fluids outflow eruption will mainly reach a
steady-state in term of dehydration and no more clay mineral from the Upper Kalibeng
Formation and the Ngimgbang Formation will be illitizated.
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Figure 65: Release water due to the dehydration of the two main clay layers over 50 years after
Lusi started to erupt in 2006. The red points shows the magmatic intrusion at 1000 °C and the
blue points the magmatic intrusion at 500 °C.
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5.4 Discussion

5.4.1 Geyser system of Lusi: evolution and lifetime

This article integrates previous field data measurement and previous calculations showing that
the Lusi system is still active and may continue to dehydrate the two main geological clay layers
(Upper Kalibeng Formation and Ngimgbang Formation) observed by many studies (Mazzini et
al. 2007; Mazzini et al. 2012; Mazzini, 2018). If we consider the physical processes present in
chapter 5.1, we see also that the Lusi system is of potential geothermal interest on the long term,
whatever the heated fluid intrusion has as initial temperature. The temperature and other
physical parameters calculated may be used in future for potential geo-resources at different
level of depth or different reservoir targets (e.g. carbonates). The geothermal gradient could
increase in the following years because of its geodynamics and volcanic situation, but
simulations has shown that Lusi is heated by a magmatic intrusion and not a constant heated
fluid source.

As it is presented in this article, the additional dehydration of the underlaying clay layers around
~1500m and ~5000m (Upper Kalibeng Formation and Ngimgbang Formation) may be still
active in the future. The numerical simulations proposed two possibilities for the Lusi’s
evolution. The calculated outflow for the two scenarios overestimates (by a factor of 2-3x) the
fact that we calculate the total potential water release of the Lusi geyser system, while the
measurements on the Lusi site were done only considering the outflow of the satellite seeps
around the main vents (Sciarra et al. 2018). Nevertheless, the large part of the water erupted
goes also instantaneously into vapour (e.g. flashing effect) as soon as it reaches the surface.

The calculations of water liberation may have different issues, regarding to the geological 3D
structure uncertainties. Generating new geological 3D models based on more detailed
geophysical studies would be of main interest to analyse further fluid dynamics and reduce
uncertainties. The one presented by Sohrabi et al. (2018) is a first proposed 3D geological model
and additionally the one proposed by Moscariello et al. (2018) should add inputs and precisions
on the geophysical and structural point of view (Karyono et al., 2017; Fallahi et al., 2017). It
should also be interesting to consider several scenarios on the study scale area in 3D with a
smaller or larger conceptual scenario to perfectly set initial and boundary conditions for any
further numerical models to characterise reservoir properties for different geothermal purposes.
We must mention that the physics applied do not take exothermic reactions from the
dehydration of the clays (Eqs 5.1 to 5.7) into consideration and that we haven’t included as an
initial condition meteoritic water filling the system, which may cooldown the system in the
shallowed surface and the surrounding Lusi vent. This explains why the results found in Figure
3a and Figure 4a are somehow overestimate the potential temperature in the shear zones/faults
zone (conduit) during the time evolution simulation. Groundwater recharge from the
sedimentary-hosted system and groundwater flow in the shallowed surfaces linked to the
Arjuno-Welirang volcanic complex should also be quantified and taken into account,
considering different hydrogeological scale calculations.

If in the future, we see an important increase of the geothermal gradient of the entire sediment-
hosted hydrothermal system of East Java, we will have to recalculate and re-estimate the impact

129



5. Multi-GPU based 3D numerical modelling of the Lusi geyser system in Java, Indonesia

of such new initial conditions and if the fluids outflow at the Lusi site do not decrease with the
observed measurements, that would certify that the water filling the Lusi vent is also a recharge
from the groundwater at different depth levels and this should be considered in different kinds
of model scaling. However, the calculated physical parameters coincide with the observed field
data measured on the Lusi site.

5.4.2 Implications for potential geothermal resources

Geyser systems can be found in many places and may be used as geothermal resources like in
Italy (Lardarello), Iceland (Blue Lagoon) or in the U.S.A, California (The Geysers).
Unfortunately none of them are alike. Each of them has a specific geological environment and
as well as their own complexity. The underground beneath Lusi has a geological specificity and
in its sedimentary configuration rock, dehydration may have an important impact. The Salton
Sea (California, U.S.A) a sediment-hosted hydrothermal system (Svensen et al., 2007) may bear
some resemblance with Lusi (Mazzini et al., 2018). However, this system has been erupting for
quite a while in geological time compared to Lusi. The structural clay dehydration can cause
porosity evolution at different scale as is shown in this article, if deep heated fluids fill the
system. The water released from the clay rock induces porosity and permeability changes over
several years. In our case, after 50 years since the incipient of Lusi in 2006, the physical rock
changes are irreversible considering our implemented physics, but the dynamics of the fluids
and the thermodynamics are clearly dependent on this processes. Regarding this analogy, we
can perceive that Lusi may evolve like other sediment-hosted hydrothermal system.

Our high resolution 3D numerical simulations replicate the physical characteristic of the
hydrodynamic display in the Lusi system with large-scale 3D geological structure environment.
They illustrate how the considered processes takes place in 3D space and time evolution related
to heated fluids source from depth regarding the actual observed geothermal gradient. In
addition, they track the controlled rock property changes where dehydration occur and clarify
how these changes progress over 50 years. Deducting from these models, it may be possible to
evaluate a first estimation of the potential geothermal evolution of the Lusi system. The models
suggest that the clay dehydration should reduce after 25 years of activity and even reach a
steady-state after 50 years. If the geothermal gradient of the sediment-hosted hydrothermal
system does not exceed 42°C/km in the future as it is observed today, in the East Java region,
which will correspond more or less to a magmatic pulse intrusion since the birth of Lusi, we
should be able to quantify the potential geothermal resource for this kind of sedimentary basin
geo-resource. The complex volcanic structure in the vicinity of Lusi should be able to fill the
sedimentary-hosted hydrothermal system over several years and might offer a chance for energy
supply for the surrounding population as it can be observed on the temperature space
distribution (Figure 61 and Figure 62). The simulations reveal characteristic property profiles
which allow first diagnosis of the evolving host rock and estimate a first thermo-
hydromechanical structure over time. Considering this, we can expect some challenges studies
to potentially quantify the geo-resource of the Lusi system, and a part of the sedimentary basin
system of East Java.
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5.5 Conclusions

Here we present 3D numerical simulations using multi-GPU computing of fluid
thermodynamics with porosity and permeability evolution from a hypothetical hydrothermal
fluid intrusion at 5.5 km depth below the active Lusi eruption. We demonstrate the aspects of
the system considering 3D geological structures since the incipient stage of Lusi reach an
eventual steady-state after 25 to 50 years of geysering activity of clay dehydration rock at
different level of depth. As explained the illitization of the minerals have already been
metamorphosed by the geothermal and hydrostatic initial condition of the entire system. But
the dehydration of the Upper Kalibeng Formation and a smaller part of the Ngimgbang
Formation is still evolving through space and time. This process is irreversible and reach a
complete steady-state for porosities and permeabilities evolution after 50 years. Due to initial
conditions of the system, the Upper Kalibeng Formation structure has still fluids trapped into
the rock and these fluids will produce hydro-fractures which will allow a preferential pathway
driving more fluids to the surface.

e We have modelled in 3D space and time the dehydration of the two main clay
formations (Upper Kalibeng Formation and Ngimgbang Formation) present below the
Lusi vent. The simulations are consistent with data observed on the Lusi site.

e Under conditions of increasing temperature and pressure, dehydration reactions is still
on going for clay minerals. The conceptual model proposed is applicable to the Lusi
system for a fluid pressure-controlled by dehydration in deep hydrothermal systems or
geothermal reservoirs, and have shown that the porosity and permeability evolution in
time can have a no-negligible impact.

e The temperature difference of the fluids intrusion (500°C or 1000°C) impose as initial
condition do not have a fundamental influence on the dehydrated system and
demonstrate that the heated fluids come from a magmatic intrusion and not from a
magmatic chamber underneath Lusi. If it had been a magmatic chamber beneath Lusi
the entire system temperature would have been increase more rapidly and the measured
temperature outflow at the vent would have also increase during the first decade of the
Lusi activity. If no more fluids migration moves beneath the system, Lusi should stay
as a moderated enthalpy system and continue its geyser behavior through the next
century regularly. The 10 MPa overpressure and the heated fluids coming from 5.5 km
mainly control the dehydration of the rock clay in the long term and that should be
continually monitored during time evolution of the Lusi system.
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Starting from 2006, the results show that Lusi is going to produce less outflow fluids
due to the two clay layers (Upper Kalibeng Formation and Ngimgbang Formation)
dehydration in the next decades. Lusi will already reach a steady-state of water release
after 25 years of activity.

We conclude that the scenarios with a fluids intrusion emplaced at 5.5 km depth under
Lusi is a relevant hypothesis to explain the water released by the two main clay layers
observed, supported as well by available hydrogeological, geophysical and geochemical
data analyses. 3D numerical calculations consolidate this hypothesis, but as all
numerical simulations the initial and boundary conditions are essential. Those proposed
have to be confirmed and validated by data field measurement.

New borehole investigations even deeper than the existent ones in East Java need to be
planned. Borehole campaigns for geothermal purposes is the way for energy demand.
The debate would be virulent on the justification of such complex inquiries, but without
drilling deeper new boreholes and studying them in detail, it will be impossible to use
this potential heat reservoir as an energy supply. Decisions have to be made in the long
term and in the direction or not to use renewable energy of such geothermal resources.



6. Conclusions and outlooks

“In geothermics, you should not crack underpressure!”
Analogy with geothermal energy exploitation and extreme sports.






6. Conclusions and outlooks

6.1 Conclusions and outlooks

This thesis compiles studies of computational and geothermal sciences in natural
hydrogeological settings. Numerical tools are presented, which enable realistic simulations of
hydrothermal systems or geothermal reservoirs like geysers. The simulations presented in this
work are important as they help to test the physical realism of scenarios from field observations
and also guide field-based studies by predicting measurable phenomena. Geyser systems are
difficult to study where 3D data acquisition is a major challenge. Modelling such complexity
can be solved step by step, including or excluding certain physical phenomena. Considering the
multiphysics of such system is crucial for fundamental insights for scientists and engineers.

The two newly developed computational tools using High Performance Computing (HPC)
allow realistic 3D simulations for hydrothermal system or geothermal reservoirs and have been
applied here to the Lusi geyser system in Java, Indonesia, for the first time. The results give
new and surprising insights in the natural behaviors of this large-scale sediment-hosted
hydrothermal system.

The two numerical tools developed in this dissertation, HULK and GEYSER, have shown their
potential for high resolution problems and high speed simulation calculations for complex
large-scale underground. Presented models highlight the importance of numerical simulations
to understand the physics of complex hydrothermal systems or geothermal reservoirs using
High Performance Computing (HPC). They showed that accurately accounting for non-linearity
in governing equations is primordial in order to understand the physics related to thermal,
hydrodynamic, mechanic and chemical processes involved in deep hydrogeological settings and
can explain many observations of natural complex systems.

Moreover, results confirm that Lusi is a complex geyser system and that the metastable
hydrogeological underground of the complex has to be studied even more in detail in the long
term, for its future evolution. The dynamic instability of Lusi can directly explain variation in
measured field data. Simulations reveal new mechanisms to either trap or mobilize fluids
through the system. The main shear zones or faults crossing the system have created a
corridor/conduit bringing hot fluids water and CO2 from depth, which has a major impact on
the mechanism of Lusi. These predicted behaviors with relative stability or instability is a
function of water release from the two major underlying clay layers (Upper Kalibeng Formation
and Ngimgbang Formation). The fluctuation of the processes from this moderate to high
enthalpy system can be explained by the physics and dynamics of the heated fluids and the
mechanical rock property changes with a period of fluctuation depending on the permeability
of the conduit which drive the main fluids at Lusi. The results provide a simple explanation of
how the evolution of the rock properties can trigger fluids behaviors fluctuations. The thermo-
hydro-mechanic-chemical processes fundamentally change rock properties during the transient
phase of this geyser system.

The most surprising result presented in the Lusi environmental study is the extremely unstable
geological clay layers at depth, which brought many debates through the scientific community.
Lusi will more or less reach a steady-state after several years of activity. The geyser activity
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will certainly not stop in the future, but fluids release from the two main geological clay layers
(Upper Kalibeng Formation and Ngimgbang Formation) will decrease over time. It is obvious,
that the natural geofluids recharging this complex system will maintain the geysering activity
of Lusi. The hydrothermal fluids have an expected residence time of several hours up to several
years or decades.

Hydrothermal systems and geothermal reservoirs are of major interests to human population
worldwide. The Lusi geyser is a rare phenomenon and is still gaining wide interest across the
scientific community. The complexity of this deep hydrothermal system and the potential of
this geothermal reservoir is huge for its scientific, energetic and economic potential.
Understanding these natural phenomena is an important duty for society. Hydrological tracer
experiments would be of interest and possible in an acceptable timeframe, but the optimal
location would be in the vicinity of Lusi which is challenging today. These tests would provide
critical data on permeability, porosity and flow paths to fine-tune more detailed and
sophisticated numerical models for the transient evolution of Lusi. The LusiLAB machines
have the potential to make new measurements in such a hostile environment. These
measurements would be very helpful to constraint or even to calibrate numerical transient
simulations. Additionally, Lusi needs to be studied in detail and confirmed by new borehole
investigations even deeper than the existent ones in East Java. Borehole investigations for
geothermal purposes is the way for energy demand. The debate would be virulent on the
justification of such complex inquiry, but without drilling new deeper boreholes and studying
them in detail, it will be impossible to use this potential heat reservoir for energy supply.
Decisions have to be made in the long term and in the direction or not to use renewable energy
of such geothermal resources. In comparison today through many countries, many systems
similar to Lusi (e.g. Philippines, Iceland, U.S.A, etc.) are being studied for their geothermal
potential. Risks have to be considered and detailed studies have to be made using appropriate
tools.

The tools presented can still be improved by adding more physical processes. Future
computational studies should be performed to investigate the optimal approach to handle more
complexity of such systems considering multicomponent, multiphase changes, stress
dependency or poro-elasticity processes in a fully 3D computational approach. These
challenging simulations should follow the computational evolution of hardware performance
and use the state-of-the-art technology advancement. Adding an in-situ visualization software
enabling to connect directly to running simulation and allowing to visualize intermediate or
final simulation results continually would be a benefit for post-processing analyses. The access
to the data directly in memory would be very helpful for improving the work time for scientist
and engineers using numerical tools.

The Lusi geyser system shows emerging, powerful, interactions between multidisciplinary
sciences. The link between observations and realistic numerical high resolution models opens
the possibility of studying the evolution of these complex coupled systems and accurate
analyses can be performed. Faster numerical models that include most physics of the underlying
processes have for decades been the goal in hydrogeological or geothermal sciences. This
dissertation has provided a number of new fundamental insights into the first order physics for
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hydrothermal systems or geothermal reservoirs. Multi-GPU technology allows faster
simulations at high resolution in 3D, considering many processes. The work presented here is
another step in the development of such computational and natural scientific research. More
simulations are still required to fully understand the complex multiphysics acting at the Lusi
geyser site. These challenging simulations need to consider the use of this immense geothermal
potential. The Lusi geyser is naturally fascinating and understanding its beauty and force from
an engineering approach will be an important step for supplying heat and electricity energy on
the island of Java in Indonesia.
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