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Das Leben ist wie ein Fahrrad...
Man muss sich vorwarts bewegen,
um das Gleichgewicht nicht zu verlieren.

Albert Einstein






Abstract

The main objective of the thesis is a further developmenhefdeismicity based
reservoir characterization approacBBRG. In general, theSBRCmethod is
applied to microearthquakes resulting from uid injectsomto the subsurface.
The SBRCmethod allows rstly, to estimate the uid-transport pragies of
hydraulically stimulated reservoir rock, secondly, to mx@e the uid-rock
interaction, and thirdly, to characterize activated fuaes and faults within
the reservoir. ThusSBRCsubstantially contributes to the understanding of
physical processes that are related to injection-indueeirscity. To extend the
applicability of SBRCthe thesis focus on the following topics.

The SBRCmethod so far assumes a constant source strength of a wedtiap.
This condition, however, is not always given, such as by trrdulic stimulation
of a geothermal reservoir in Basel (Switzerland). In the part of the thesis,
SBRCis extended in order to analyze seismicity resulting frond injections
where the source strength is linearly increasing with tifer this purpose, an
analytical solution of the diffusion equation is deriveditay into account this
special condition. The derived analytical solution and riggulting expressions
for seismicity rate and cumulative number of microeartlkgsaare numerically
veri ed using nite element modeling and synthetically ggated seismicity. Af-
terwards,SBRCmethods are applied to the catalog of uid-induced seistyici
recorded in Basel. They provide consistent estimates opénmeability of the
hydraulically stimulated reservoir. It is of the order ofQlficroDarcy by as-
suming an effective-isotropic medium. The criticality whistatistically describes
the strength of pre-existing fractures is found to be dsted between about 5000
P aand approximately MP a.

In the second part of the thesis, a model is introduced inrotalenterpret
fracturing-induced seismicity related to single-plangddaulic fractures. The
model considers the growth of fracture and seismicity asmabtoed geometry-
and diffusion-controlled process. It is con rmed by obs#rons from fracturing-
induced seismicity in the Cotton Valley gas reservoir (USH)e space-time dia-
grams ( t diagrams) of induced microearthquakes show signaturesctufre
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volume growth, loss of treatment uid, and diffusion of icj@n-induced pore
pressure perturbations within the fracture as well as frbenftacture into the
surrounding formation. Evaluation of envelopes of the ispmporal distribu-
tion of fracturing-induced seismicity allows to determgeometrical parameters
and hydraulical properties of the created fracture. Cansid a volume balance
principle of the injected treatment uid permits to quagtithe uid loss from
the fracture into the virgin reservoir and to estimate theereoir permeability.
The proposed interpretational approach is applied to reamtbquakes induced
during three stages of hydraulic fracturing in Cotton \Mall&lthough the three
stages differ with respect to the treatment design parasjetas found that the
individual stages resulted in similar fracture geometriRatios of new fracture
volume and total injected volume are nearly identical intr@atments. It means
that the fracture growth process is likely decoupled from type of treatment
design. Estimates of uid loss and reservoir permeability eonsistent for the
three investigated fracturing stages. The results olddnoen the interpretational
model are con rmed by modeling the fracture propagatiomgghe maximum
likelihood method.

Fluid injections into the subsurface can sometimes indac#nguakes character-
ized by a signi cant magnitude. In particular, seismic eigewith larger magni-
tudes are reported from geothermal reservoirs. Undernsigiod the scaling rela-
tions of magnitudes of uid-induced seismicity is crucialfassessing the seismic
risk by injection operations. In the last part of the theasistatistical model is in-
troduced which describes the magnitude distribution ofog@arthquakes induced
during injections. It combines a Gutenberg-Richter siagsof magnitude prob-
ability with the cumulative number of induced microearthies. Earthquakes
magnitudes resulting from hydraulic stimulation in Based #om hydraulic frac-
turing in Cotton Valley are in agreement with this model.tharmore, the model
allows to identify controlling parameters of the size anstribution of magni-
tudes. These include design parameters of a uid injectsuth as uid vol-
ume, or uid ow rates and injection duration, and seismdtetc quantities like
Gutenberg-Richtes andb value and the tectonic potential which is de ned by
statistical properties of pre-existing fractures.



Zusammenfassung

Die wesentliche Zielsetzung der vorliegenden Dissematgi eine Weiteren-
twicklung des Ansatzes der Seismizitdtsbasierten Resehavakterisierung
(SBRQ. Die SBRCMethode wird im Allgemeinen auf Mikroerdbeben, die durch
die Injektion von Fluiden in den Untergrund ausgelost wardangewendet.
Dieses ermoglicht einerseits die Fluidtransporteigeafieh des hydraulisch
stimulierten Reservoirgesteins abzuschatzen, zweitehs, Fluid-Gesteins-
Wechselwirkungen zu untersuchen, und drittens, die a&ktem Bruch- und
Stérungssysteme innerhalb des Reservoirs zu charaktensSBRCtragt somit
wesentlich zum Verstandnis der physikalischen Prozessend/erbindung zu
induzierter Seismizitat stehen, bei. Zur Erweiterung demwAndbarkeit der
SBRCMethode konzentriert sich die Dissertation auf die folggm@hemen.

Die SBRCMethode basiert bisher auf der Annahme, dass die Quelkistéikrend
einer Fluidinjektion konstant ist. Diese Bedingung istgeld nicht immer
gegeben, wie beispielsweise bei der hydraulischen Stitonlaes geothermis-
chen Reservoirs in Basel (Schweiz). Im ersten Teil der Diggen wird die
SBRCMethode erweitert, um Seismizitét resultierend aus Rhjaditionen in de-
nen die Quellstarke linear mit der Zeit ansteigt, zu analgsi. Zu diesem Zweck
wird eine analytische Lésung der Diffusionsgleichung ke&et, welche diese
spezielle Randbedingung bertcksichtigt. Diese Losungliendaraus ermittelten
mathematischen Formulierungen fur Seismizitatsrate umzbAl der Mikroerd-
beben werden numerisch veri ziert mit Hilfe von Finite-Elenten-Modellierung
und synthetisch erzeugter Seismizitat. Anschlielend disBRCMethode auf
den Katalog uid-induzierter Seismizitat in Basel angewen Sie ergibt eine
konsistente Abschatzung der Permeabilitat des hydrawbsmulierten Reser-
voirs von 150microDarcy . Die Kritikalitat, welche statistisch die Festigkeit von
pra-existierenden Bruchsystemen beschreibt, ist veraischen etwa 5000 a
und ca. IMPa.

Im zweiten Teil der Dissertation wird ein Modell vorgestgdlas die Interpretation
von induzierter Seismizitat im Zusammenhang mit einfalgmaren hydraulis-
chen Bruchen ermdglicht. Das Modell betrachtet das Waoh&imes solchen
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hydraulisch-generierten Bruches und der assoziiertesn®atét als einen kom-
binierten Geometrie-und Diffusions-kontrollierten Peeg. Dieses wird durch
Beobachtungen von induzierter Seismizitat aus dem Cottaliey Gasreser-
voir (USA) bestatigt. Die Raum-Zeit-Diagramme ( t Diagramme) der in-
duzierten Mikroerdbeben zeigen Signaturen von Bruchaitsimg, des Verlustes
von Fluid vom Bruch in das umgebende Reservoirgestein uadAdsbreitung
von injektions-induzierten Perturbationen des Porerduitks innerhalb des
Bruches. Die Auswertung der Einhillenden der rdumliclizben Verteilung
der induzierten Seismizitat erlaubt die Bestimmung vonmgetoischen Parame-
tern und von hydraulischen Eigenschaften des erzeugterthBsu Ausgehend von
dem Prinzip einer Volumenbalance des injizierten Fluidiasien der Fluidverlust
aus dem Bruch in die umgebende Formation und die Permeédlbiés Reservoirs
qguanti ziert werden. Der vorgestellte Interpretationsatz wird auf Mikroerd-
beben, die wahrend dreier Phasen hydraulischer Bruchigldu Cotton Valley
ausgelost worden sind, angewendet. Obwohl die drei Phaskrmmsichtlich
der Konzeption der Injektion unterscheiden, ergaben digethen Phasen sehr
ahnliche Bruchgeometrien. Das Verhaltnis aus neu gesatafi Bruchvolumen
und dem injiziertem Gesamtvolumen ist nahezu identiscHléam&hasen. Die
Abchatzungen von Fluidverlust und Reservoirpermeabistdd konsistent fur
die drei untersuchten Phasen. Die aus dem vorgestellterphetationsmodell
abgeleiteten Kenngrél3en sind anhand einer Modellierun@dechausbreitung
mit der Maximume-Likelihood-Methode bestatigt worden.

Fluidinjektionen in den Untergrund konnen zum Teil Erdbebdie durch eine
signi kante Magnitude charakterisiert sind, zur Folge @ab Insbesondere in
geothermischen Reservoiren sind seismische Ereignidsgrofderer Magnitude
beobachtet worden. Das Verstandnis von Skalierungsvarssén der Magnitu-
denvon uid-induzierter Seismizitat ist entscheidenddig Beurteilung des seis-
mischen Risikos durch Fluidinjektionen. Im letzten Teit @@ssertation wird ein
statistisches Modell vorgestellt, welches die Magnitweeteilung von Mikroerd-
beben, die wahrend der Injektion auftreten, beschreibts ladell kombiniert
die Gutenberg-Richter Statistik der Magnitudenwahrsdiatikeit mit der kumu-
lativen Anzahl der induzierten Mikroerdbeben. Beobachamvon Erdbeben-
magnituden bei der hydraulischen Stimulation in Basel uedder hydraulis-
chen Bruchbildung in Cotton Valley sind in Ubereinstimmumigdiesem Modell.
Darlber hinaus ermdglicht das Modell, die kontrollierem&arameter der Gg@
und der Verteilung der Erdbebenmagnituden zu identi ziefl@azu z&hlen einer-
seits Konzeptionsparameter einer Fluidinjektion, wie ZB@mspiel das Fluidvol-
umen oder die Flie3rate und die Dauer der Injektion, als aedmotektonische
Kenngrol3en, wie Gutenberg-Richeer undb Wert und das tektonische Poten-
tial, welches von den statistischen Eigenschaften prétiekender Bruchsysteme
de niert wird.
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Chapter 1

Introduction

Injections of uids into the deeper subsurface are by now atine and cover
a wide eld of applications. Amongst them are, for instanopgrations that
lead to a permeability enhancement required for developraed exploitation
of geothermal and hydrocarbon reservoirs (Fehler et a87;1Block et al., 1994).
In many cases, injection operations are accompanied by ruusearthquakes
which are predominantly of low, non-noticeable magnitid8 < M < 2]. If

a uid injection is seismically monitored by an adequategnsitive network of
geophones/seismometers, then the registered seismiityactin provide useful
information about the uid-rock interaction. One importaspect of such mon-
itoring is the high-resolution spatial mapping of inducetsmicity. It allows to
draw inferences about the hydraulically stimulated rocluree, activated pre-
existing fractures, and orientations of fault zones.

The seismicity based reservoir characterization appr@@BRG (Shapiro et al.,
1997, 1999) goes one step further in the analysis and irgioon. It correlates
the spatio-temporal evolution of uid-induced microeaytiakes with the relax-
ation of pore pressure perturbations caused by the injedticthis way, the&SBRC
permits the following. One the one hand, it well describesenbed features of
uid-induced seismicity such as triggering fronts and sasty rates, and there-
fore contributes to a better understanding of physical gsses (Shapiro et al.,
2003; Parotidis et al., 2004; Parotidis and Shapiro, 2004)the other hand, the
SBRCcan be used to estimate the permeability tensor in reseseale (Shapiro
etal., 2002) as well as to characterize pre-existing fracystems by determining
the distribution of critical pressures (Rothert and Sha®@007).
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14 CHAPTER 1. INTRODUCTION

Objectives

The main objective of the current thesis is a further develept of theSBRC
approach. It became evident that assumptions, such asdeity of processes
and the stationarity of injection sources, are sometimssficient to describe
uid injections and to explain observations made from cagal of uid-induced
earthquakes. Therefore two points are of central interesiis thesis. The rst
one covers the non-stationarity of injection sources wsaften the case for hy-
draulic stimulation operations in geothermal reservoiiie second key point
addresses the consequences of a non-linear interactioredretinjected uid
and reservoir rock. These non-linear interactions are festeid in a pressure-
dependent permeability which is a common observation frgdrdulic fracturing
operations in hydrocarbon reservoirs. In addition, thatre@hs of statistical dis-
tribution of uid-induced earthquake magnitudes are verttdown in this thesis
covering a third key topic. The magnitude examinations elythe awareness
that also uid injections can sometimes produce seismic v in-depth knowl-
edge in order to mitigate such a risk is lacking up to now. @éiter this thesis
contributes to a better understanding of the processemtgaulthe triggering of
seismicity by injection operations. It provides instrocis for an analysis, evalu-
ation, and interpretation of uid-induced earthquakesamis ofSBRC

Outline

This thesis is structured in respect to the mentioned theg@kints. At rst, how-
ever, | will introduce the status-quo of the understandirtgggering mechanisms
of uid-induced seismicity. It includes a description ofetltoncept of seismicity
triggering fronts. It is derived for the condition of bothiadar as well as a non-
linear diffusion of pore pressure perturbations resultirogn uid injections. The
non-linear equations provide a more general formalism kwvbamprehends a dif-
fusion of linear type as an asymptotic situation. Microsecsactivity occurring
after the stop of uid injection can be explained by the cqrtaaf seismicity back
front. Like the concept of triggering fronts, it also asssnaediffusion-like pro-
cess of relaxation of induced pressure perturbations.

Chapter 3 focuses on further develop®BBRCmethods in such a way that a time-
dependent injection source strength is taken into accdtrg.required in order
to accurately applysBRCto microearthquakes which are induced by injection
pressures increasing with ongoing injection time. The stdp is to derive an
analytical solution of the diffusion equation for this sgé@roblem. Subsequent
to the numerical veri cation of the derived analytical sttun, SBRCis applied to
the catalog of microearthquakes induced by the hydraufragation of a geother-
mal reservoir in December 2006 in Basel (Switzerland).
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Of special interest by hydraulic fracturing operationsha hydrocarbon industry
is a reliable estimation of hydraulical properties of uilliven fractures and vir-
gin reservoir. In Chapter 4, an interpretational model gppised for single-planar
(classical 1D) hydraulic fractures. It uses spatio-terapsignatures of the asso-
ciated fracturing-induced seismicity to derive geometaygmeters of a created
fracture. By applying a volume balance principle of the agel treatment uid
the transport properties can nally be obtained from theiptetational model.
The approach is tested on microearthquake catalogs retalaiing hydraulic
fracturing in a tight-gas sandstone reservoir in Carthagigo@ Valley (USA).
Scaling relations of the size and frequency of earthquadgdting from uid in-
jection operations are presented in Chapter 5. A theotetiocdel is introduced
which describes the statistical distribution of uid-inckd earthquake magni-
tudes. Observations of the magnitude distributions of ogarthquakes induced
in Basel and in Carthage Cotton Valley are in accordance thithmodel. Fur-
thermore, the presented model allows to identify the cdimigpparameters of
magnitude distributions and to specify the seismotectstaite of an injection lo-
cation.
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Chapter 2

Triggering Concept of
Fluid-Induced Seismicity

2.1 Introduction

Borehole uid injections into surrounding rocks are useddevelopment of hy-
drocarbon and geothermal reservoirs, disposal of wastéoageological seques-
tration of carbon dioxide (Fehler et al., 1987; Block et H94; Keck and Withers,
1994). Such injections are often accompanied by microseiaativity. Although
the nature of uid induced seismicity is still topic of ongny research, one hy-
pothesis explaining this phenomenon argues that the tiiggef this type of
seismicity is controlled by the relaxation of pore presqedurbations (Pearson,
1981; Shapiro et al., 1997). Assuming that in some locatajribe upper Earth
crust the tectonical stresses are in near-critical camditihen minor changes of
the in-situ stress state cause microseismicity. Due tortleetion of a uid vol-
ume into a reservoir rock the pore- uid pressyrén the connected pore-space
increases which consequently decreases the effectiveahstrass ¢ = P,
where s total stress (Terzaghi, 1923). In accordance with thel@oh failure
criterion (Scholz, 2002), this modi cation of the stresatstcan lead to reacti-
vation of pre-existing faults and fractures by triggeririgp €vents and thereby
releasing previously accumulated shear stress in the Istietlrock volume (Rut-
ledge and Phillips, 2003). In this chapter, | will brie y mtduce the status quo of
the understanding of triggering processes of uid-indung@droseismicity.
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18 CHAPTER 2. TRIGGERING CONCEPT

2.2 Triggering Controlled by Linear Pore Pressure
Diffusion

First attempts to physically describe the nature of uidhilced seismicity and
its triggering process in more detail were carried out bydsieaet al. (1997).
The spatio-temporal evolution of such a seismicity is goedrby a diffusional
process of relaxation of pore pressure perturbation. Imanité heterogeneous
anisotropic poroelastic medium, the differential equatd diffusion in the Biot
low-frequency limit is given by (Biot, 1962):

@p @ @

—=— Dj—p

@t @x @x
Herep is the pore pressure perturbation, are components of the radius vector
from the injection source point artds the time.D;; are components of the hy-
draulic diffusivity tensor which is directly proportionted the Darcy permeability

Ki (Shapiro et al., 2003):

i) =1;2,3: (2.1)

Kij = ND”: (22)

In this formulation, the physical quantities in front of tdéfusivity tensor are
dynamic viscosity of the pore uid,, and the poroelastic modultis (see Shapiro
et al., 2003). In the most simple case, that is a homogensatsopic, poroelastic
medium, the diffusion equation reduces to:

@p 2

—=D ; 2.3

o DT P (23)
with a scalar hydraulic diffusivityp. In such a situation, the migration of pore
pressure perturbations initiated at the injection souaietgan be described by a

propagating front (Shapiro et al., 1997, 2002) according to

re(t) = P It (2.4)

This relation was introduced as the triggering front equatf uid-induced
microseismicity. The distanag(t) de nes the upperbound of the spatial domain
where the occurrence of microearthquakes is charactebig@dhigh probability.
Hence Equation (2.4) corresponds to the upper envelope oiceseismicity
cloud in a plot of its spatio-temporal distribution (the calledr t diagram).
This envelope of parabolic type allows to heuristicallyiraste the hydraulic
diffusivity of the seismically active rock volume.

In the following, two examples of uid-induced seismicityeapresented to
demonstrate the validity of the triggering front concepheTrst one considers
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Figure 2.1: Microearthquakes induced during a hydrauiliogiation of a geother-
mal reservoir in Fenton Hill, USA. In December 1983, ab2iit000 m? water
were injected at wellhead pressures closB@®P a. During the61 h injection
period, about 9000 locatable microearthquakes were @etetd) Distribution of
source locations (color corresponds to event occurrencediter the begin of in-
jection) and (b) corresponding t diagram. Co-injection seismicity is shown in
dark grey color, post-injection seismicity in light greylao Solid black line de-
notes triggering front curve according to Equation (2.4)e Bstimated hydraulic
diffusivity is D = 0:17m?=s.



20 CHAPTER 2. TRIGGERING CONCEPT

microseismic data from hydraulic stimulation of a geotharmeservoir in
Fenton Hill, New Mexico (USA), in December 1983. The aim oé tmassive,
high-pressure uid injection was to create uid pathwaysdamence to enhance
the rock permeability. For this purpose, o\v&f, 000 m* water were pumped
during about 60h at wellhead injection pressures d8 MPa into granitic
rock (Phillips et al., 1997). More than 11,000 locatable nmearthquakes were
detected by the installed downhole station network, fromctwhabout 9000
occurred during the period of injection (Phillips et al. 9¥9. The distribution of
hypocenters is shown in Figure 2.1(a). The area of microseiactivity forms
an elongated zone, striking 355 and dippinge70 . Figure 2.1(b) shows the
r t diagram of induced microearthquakes (distance to injegbioint versus
occurrence time). The spatio-temporal evolution cleatheys a diffusional
behavior. The corresponding signature, the paraboligerigg front curve(t),
well limits the cloud of induced microearthquakes. It canused to determine
the hydraulic diffusivityD of the hydraulically stimulated reservoir. Rearranging
of Equation (2.4) provide® = 0:17 m?=sas the most representative estimation.

In a second example, microseismic data were collected aEtitepean Hot-
Dry-Rock geothermal reservoir test site in Soultz-sousto (France). A
series of hydraulic stimulations using several boreholegehbeen performed
between 1989 and 2004. Figure 2.2(a) shows source locatiomisout12 000
microearthquakes which were induced during the uid in@actexperiment in
June/July 2000. In this experiment, more ti22n000m?* uid (brine and water)
were injected within six days using stepwise increasing m@ates which caused
a slight build-up of wellhead injection pressures frdh MPa to 14 MPa
(Dyer, 2001). At the time of injection stop, the microseisityi cloud covers a
rock volume of approximately 500 1600 1200m3, its principal direction
strikesN 156 and it dipsw 72 . The corresponding t diagram of the induced
microearthquakes is shown in Figure 2.2(b). The triggefiagt curve provides
an estimate for hydraulic diffusivity dd = 0:15m?=s.

Occasionally, the assumption of isotropic conditions ispext to uid transport
properties is not ful lled in real situations. One can renag from both presented
examples that the distribution of microearthquakes hyptars is to some extent
aligned to pre-existing structures, such as fracturestga@nd faults. This clearly
demonstrates a preferred direction of uid migration prityaparallel to the di-
rection of maximal horizontal stress. It can be inferreadrfrihis observation that
the reservoir rock is anisotropic in respect to its uid tsport properties. In a
homogeneous but anisotropic medium, the diffusion eqoatam be written in a
more general form:
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Figure 2.2: Microearthquakes induced during a hydrauiliogiation of a geother-
mal reservoir in Soultz-sous-Foréts, France. In June2o0p, abouf2 000m?3
water were injected at wellhead pressures betwldesnd14 MP a. During the
141 h injection period, about 12,000 locatable microearthqaakere detected.
(a) Distribution of source locations (color correspondgvent occurrence time
after the begin of injection) and (b) corresponding t diagram. Co-injection
seismicity is shown in dark grey color, post-injection saigty in light grey color.
Solid black line denotes triggering front curve accordiageguation (2.4). The
estimated hydraulic diffusivity i® = 0:15m?=s,
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@p , @@
@t ' @x@x
which takes into account the directional dependence of dujdr diffusivity.

Then, in anisotropic media the triggering front equatideetathe following form
(Shapiro et al., 1999) :

p ] =1,2,3; (2.5)

41

r= —
ATD; A

(2.6)

HereD; s the inverse of the diffusivity tensor amd is the transposed af =
+=j1. Equation (2.6) can be rewritten in the principal coordensystem of the
diffusivity tensor (i.e.D; becomes diagonal):

X2 X5 X3
+ + =4t 2.7
D11 D22 Das @1

Scaling thex; coordinates byIO 4t one obtains an ellipsoidal equation for the
triggering front:

Xi X5 | X4 | X5
Xsi = Pp— = + + =1; 2.8
s 4t ) Di1 D2 Dass (2.8)

with its half-axes equal to the square roots of the princyadiies of diffusivity
Dii .

Let us again have a look at the two examples of uid-inducedroseismicity.
The following results are obtained if the real reservoir dibons are approxi-
mated by an anisotropic medium. For both injection sitestére Hill as well as
Soultz-sous-Foréts, an ellipsoid which encloses the ntgjofr microearthquakes
is de ned using the algorithm proposed by Rindschwentn®0(9. Accord-
ing to Equation (2.8), the principal components of the terdchydraulic dif-
fusivity can be derived from such an ellipsoidal envelopéehe Ellipsoid pre-
sented in Figure 2.3(a) is obtained as best-t solution fog scaled seismic-
ity cloud induced during the reservoir stimulation in Fentdill. In source
location coordinate system it is de ned by a strike directiof N340 and a
dip of E63 . The ellipsoid is represented by the tensor of hydraulitudivity

D = diag(0:7;2:0;0:9) 10 'm?=s. Figure 2.3(b) shows the ellipsoid for the
cloud of microearthquakes induced during the hydraulimstation in Soultz-
sous-Foréts. In this case, it is orientdd 56 but its longest half-axis is in near
vertical plane. In fact, the dip angle of the ellipsoidN&80 . The tensor of diffu-
sivity is found to beD = diag(0:4;1:6;3:2) 10 'm?=s.
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Figure 2.3: Cloud of microearthquakes together with ttelgpsoid with its half-
axes representing the tensor of hydraulic diffusivity. @ewcoordinates are scaled
by 4t and rotated to principal coordinate systeX) Y; Z) of the diffusivity
tensor. The center of ellipsoid is the injection source pofa) Fenton Hill and
(b) Soultz-sous-Foréts.
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2.3 Triggering Controlled by Non-Linear Pore Pres-
sure Diffusion

Recently published works by Shapiro and Dinske (2009a) &agito and Dinske
(2009b) have shown that the triggering of seismicity déctiin the previous sec-
tion can be seen as an asymptotic situation of a rather der@rdinear diffusion
problem. The relaxation of a pore pressure perturbationtdueid injections
can be explained using the two following fundamental equati One of those
expresses the conservation of mass, that is the continguigten:

@

@t

with  being the porosity of the rock, being the density an the Itration
velocity of a pore uid. The second one is Darcy's law:

o= Er p: (2.10)

=r O; (2.9)

In this equation, the ltration velocity is related to a pgoeessure perturbation
which is factorized by the tensor of rock permeabilky, and the dynamic vis-
cosity of the pore uid, . In Equation (2.9), the time dependency of should
be proportional to the perturbation of pore presguand it can be replaced by

= opS, where 4 is a reference uid density an8 is a poroelastic compli-
ance (Shapiro and Dinske, 2009b). Both Equation (2.9) angti@n (2.10) can
be combined to derive a general diffusion equation:

@p_ K :
@t o S rp : (2.11)
Introducing hydraulic diffusivityD = —< and considering @ dimensional

spherically coordinate system with the center at the imagboint, then the fol-
lowing equation is obtained:

@pd 1 @ 41 .

et ~er' @P'
Due to non-linearities of uid-rock interaction permeatyland hence hydraulic
diffusivity become pressure dependent. This pressurendigpey is assumed to
be of a power-law type, that 3 = D(p) = (n + 1) Dgp", wheren is an index of
the grade of non-linearity (Shapiro and Dinske, 2009b¥. 0O corresponds to the
problem of linear diffusion whereas a largedescribes the problem of strongly
pressure dependent diffusion.

(2.12)
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If a non-linear diffusion process is described by Equat®i?), then a general
form of the triggering front can be derived using Barenld#&ttensional analysis
(Barenblatt, 1996; Shapiro and Dinske, 2009b):

re _ DoQjtn(+rt (2.13)

Here the quantityQ, is de ning the strength of the injection source, that is
Qo = Qi(t)=((i + 1) SA4t') under the assumption of a power-law type ow rate
Qi(t). The factorAq is a geometrical constant with values corresponding to the
dimension of the problem under consideration, which medéns,= 1, 2, or 3
thenAy = 2A;, 2h, or4 (A, is the cross section of an in nite straight rod,

h is height of a homogeneous plain layer). If, for example, tve rate of an
injection is constant and a diffusional process takes plaeg8D space, then the
source strength i, = Q;=4 S and it has dimension gPa m3s 1].

The generality of relation (2.13) is shown in the followingnsiderations. If the
hydraulic diffusivity is independent on pressure, then mbe-lineaF;itLindem
equals zero. In such condition, relation (2.13) simpliesrt _ ~ Dt. This
corresponds to the 'classical’ triggering front equatiead Equation (2.4)) in the
case of microearthquake triggering by linear pore presdifftesion. For strongly
non-linearities of the diffusion process the general igug front takes the form
e Qotl*Y ™ This proportionality represents the seismicity trigggriront
which is valid for both ‘classical’ one-dimensional hydhaudracturing as well as
volumetric three-dimensional hydraulic fracturing.

Fluid-Rock Interaction and its Effect on Hydraulic Fractur ing

A single-planar hydraulic fracture is the most simple typeuid-forced frac-
turing of reservoir rock. The created hydraulic fracturewhver, can become
more complex depending on characteristics of the preiagistatural fracture
system. If, for example, multiple diverse-oriented natinacture networks exist
in the reservoir, then the uid migrates in those differeradture networks and
accordingly opens new fracture volume (see Figure 2.4). ubhsa situation,
primary branches (in direction of maximum horizontal stjeand secondary
fairways develop (Fisher et al., 2005) and consequentlgnfar3D hydraulic
fracture body.
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Figure 2.4: lllustration of hy-
draulic fracture complexity (af-
Simple Fracture Complex Fracture  ter Fisher et al., 2005). Frac-

tures can be categorized as sim-
ple (classical description), com-
plex, or very complex. The

classical description is a single-
planar bi-wing crack with the
wellbore at the center of the two
wings whereas very complex
fractures result from interaction
of the injected uid with mul-
tiple oriented pre-existing frac-
ture systems.

Very Complex Fracture

Let me resume the general relation of the triggering fronictvis found for the
condition of non-linear pressure diffusion:

q
re 1=(dn +2) DOQB tn(i+1)+1 - (2.14)

| have mentioned that the indexdescribes the grade of non-linearity of a dif-
fusion process. It is intuitively to recognize that by hydra fracturing uid
transport properties of the reservoir rock become strongly-linear which re-
sults in the asymptotic situation of ! 1 : The opening of a fracture causes a
sudden increase of about several orders of magnitude ingaditity. Hence the
injected treatment uid can be transported faster to theténe tip. This special
characteristic implies that the diffusion constant of thudion equation becomes
pressure dependent as indicated by Equation (2.12). Thedddseismicity, as a
response to the forced uid-rock interaction, shows thegactal behavior in its
spatio-temporal evolution. If the case of a simple, sirgbaar hydraulic frac-
ture is considered, then the dimensionality indegqualsl and relation (2.14)
simpli es to:

i1 QI ti+l
s = 2.15
A R W T (215)
and for constant injection ow rata € 0), it further reduces to:
e Qot= At (2.16)

A S’
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L S Figure 2.5r t diagram of mi-
croearthquakes induced during
hydraulic fracturing of tight gas
] sandstone formation. The linear
with time growth of the micro-

1 seismicity cloud indicates that
the created fracture body can
well be described as a single-
planar (simple) fracture. Fig-
ure is taken from Fischer et al.
1 (2008).
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The two expressions show that the position of the triggefiiogt r, is controlled
by the injected uid volumeVv, = Q,t. This is in agreement with the interpreta-
tional model that | will introduce in Chapter 4. Additionglthey suggest a linear
proportionality between growth of a microseismicity cloadd injection time.
This characteristical feature is indeed observed. Figuseeemplies ar t
diagram of microearthquakes resulting from hydraulic tingiag in tight-gas
sandstone reservoir. Evidently, the fracturing-inducécroseismicity is linearly
correlated in its spatio-temporal evolution during injent

Let us now consider the case of volumetric hydraulic franuresulting in the
very complex fracture type as illustrated in Figure 2.4. uielsa situation, the
dimensionality id = 3 and relation (2.14) then takes the form:

s
R ——— Q ti*t
3 i+1 — 3 .
Mo~ Qot 4G+1)St’ (2.17)
respectively:
0 r—
—_— t
re_ ° Qot= " —?s ; (2.18)

if the ow rate is kept constant during injection. Again, theo relations
demonstrate a link between seismicity triggering front,roother words, the
outer limit of the seismically active region, and injectadd volume. In contrast
to single-planar fractures, the position of the triggefiraynt here depends on the
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Barnett Shale
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Figure 2.6: Hydraulic treatment data of a fracturing stagBarnett Shale forma-
tion in Fort Worth Basin, Texas.

cubic root of injection time respectively on the cubic robitgected uid volume.

To emphasize the relations found for seismicity triggeffirmnts by volumetric
hydraulic fracturing one more case study of induced midsosieity is con-

sidered. Here | present part of data that were collectechduailarge fracture
diagnostic project undertaken in Summer 2001 in Forth W@&#sin, Texas
(USA) (Maxwell et al., 2009). The project was aimed to preavid clearer
understanding of the highly complex fracture behavior ie Barnett Shale
formation (Fisher et al., 2005). The gas-bearing shale lieckharacterized
by a porosity of three to ve percent and an extremely low peaivility of

the order of10 2 10 ** m? (1 100 nanoDarcy) (S. Maxwell, personal
comm). Hydraulic fracturing is therefore extensively used toguce gas from
the practically impermeable Barnett Shale formation.

In the following, one particular fracture treatment is ddesed in more detail.
During approximately5:5 h of injection, 2840 m? of water were pumped at
high ow rates of aboutl501=s (Figure 2.6). The measured injection wellhead
pressure slightly increased fro#0MP a to 42M P a during the treatment. About
900 locatable microearthquakes, from which 844 occurrethdunjection, were
recorded by the installed seismic monitoring system. Timeptwal evolution
of induced microearthquakes is illustrated in Figure 2.d Rigure in 2.8. The
evolution clearly demonstrates that the injected uid opencomplex fracture
network in the shale formation which is indicated by the pdgmrar growth of the
microseismicity cloud in all three dimensions.
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Figure 2.7: Map view of microseismicity resulting from hgdiic fracturing in
Barnett Shale. Time slices showing the temporal evolutibthe cloud. They
indicate that the pressurized uid opens a very complexgxisting fracture net-
work within the reservoir formation.
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Figure 2.8: Depth view of microseismicity resulting fromdngulic fracturing in Barnett Shale. Again, time slicessinewn
as in Figure 2.7.
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Figure 2.9:r  t diagram of microearthquakes induced during hydraulicténac
ing in Barnett Shale. Co-injection seismicity is shown imkdgrey color, post-
injection seismicity in light grey color. Dashed black lidenotes triggering front
curve according to Equation (2.4), whereas solid black tlaaotes position of
the triggering front according to relation (2.18). The éatprovides a better t
to the data con rming the cubic root dependency on time irecafsvolumetric

hydraulic fracturing.

This volumetric growth of fracture and related microseistyitherefore implies

that the position of the triggering front should obey theicubot dependency in a
r tdiagram. Figure 2.9 shows the microearthquakes in spaeeeomain. One
can clearly observe that the upper envelope of the micnoseiy cloud does

not follow a square root of time dependence but rather theard cubic root
dependency.

2.4 Seismicity Back Front

So far | have discussed the occurrence of microearthquasexiated with an
active uid injection. However, one could have noticed frahe presented case
studies that uid-induced microseismicity continues aftiee stop of injection.
This observation can be explained with the concept of thé& frant of micro-
seismicity. It was introduced by Parotidis et al. (2004)dubsn the idea of pore
pressure diffusion.

It is assumed that post-injection microseismic events #se #iggered by a
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diffusional process of relaxation of pore pressure pedtioins. Intuitively,
decreasing pore pressures lead to rock strengthening arefdhe only positive
changes of pore pressure perturbations are able to inducrgsaismicity. It
means that no further microearthquakes can occur in a p(:z? X2+ y2+ 72
of the medium after the pore pressure perturbabrt) has reached its maximal
value. In other words, the spatio-temporal position of theegpressure maximum
after injection stop de nes the minimal distance of a mi@xbequake to occur.
This distance de nes the back front of uid-induced seisityicrys (t). In a
space-time diagram of the induced microearthquakes iespands to the lower
envelope of post-injection seismicity.

To nd a mathematical formulation for the back front of indutseismicity, one
has to consider the analytical solution of the diffusionaen of pore pressure
perturbation. Let us assume, for example, that the porespress perturbed
only in one dimension; = X. If a isotropic, homogeneous, porous medium is
considered, then the solution of the diffusion equationtifoes smaller than the
shut-intime { to) is given by Carslaw and Jaeger (1973):
r Tt X2

p(x;t) = D exp(ﬁ)
whereas for times larger than the shut-in tihe ¢ o) the following solution can
be derived:

X X
— erfc(p—); 2.19
ODZD (pﬂ) ( )

p(x;t>tg) = U V with (2.20)
r— r -
B t X2 t to 2
V=% 5 ) 5 *pr b
!
X
vV = — erfc(p==) erfc
ODZD (—) (Pm)

In the two equationsrfc =1  erf is the complementary Gaussian error func-
tion andq is the strength of an injection point source. The pore presswax-
imum, which separates regions of positive and negative pogssure changes,
corresponds to the mathematical condition that the time/akare of Equation
(2.20) equals zero:

@p;t>to) _ . x? % x?
I

@t 4Dt XMt p4D(t to) eXp(4D(t to)

)=0:
(2.21)
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Solving this condition for distancesprovides the equation for the back front of
uid-induced seismicity:

r
Xpr () = 2Dt(tt—o 1) In(

t
t to

): (2.22)

The diffusion constard represents the diffusivitl); of hydraulically stimulated
systems. The back front of seismicity can therefore be evatufor character-
izing uid transport properties of a reservoir. Equation2?2) is similar to those
equations which have been derived by Parotidis et al. (200dgr considera-
tion of a diffusion problem in two-dimensional and in thréieaensional space,
respectively:

r
t

2D : Iy (t) = 4Dt(t_ 1)In(
0

r
t

3D : Pt (t) = 6Dt(t— 1) In(
0

t

t to
t

t to

)

): (2.23)

Let me go back to the examples of uid-induced microseistgifiom Fenton
Hill, Soultz-sous-Foréts, and Barnett Shale. Thet diagrams presented in Fig-
ure 2.10 show a part of clouds of induced microearthquakédseahree data sets.
Following the injection stop, a region of seismic inactvévolves at the bore-
hole and then enlarges with ongoing time. According to thecept of seismicity
back front, this region is the area where pore pressure igedsiaig and trigger-
ing of microearthquakes becomes improbable. In the predesase studies, the
back front signature is clearly developed in the presentaangles. It can fur-
ther be used to determine the hydraulic diffusivity as indicated by Equation
(2.22)/(2.23) which should be of the same order of magniasléhe diffusivity
estimate obtained from the seismicity triggering frontsigire.
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Figure 2.10: r t diagrams
of induced microearthquakes re-
sulting from hydraulic stimula-
tion respectively fracturing of
a reservoir. To emphasize the
back front signature only a part
of the induced microseismic-
ity cloud is presented. Co-
injection seismicity is shown in
light grey color, post-injection
seismicity in dark grey color.
Solid black lines denote back
front curve according to Equa-
tion (2.22)/(2.23). (a) Fenton
Hill: seismicity back front pro-
vides hydraulic diffusivityD =
0:17 m?=swhich is equal to the
estimate from triggering front
in isotropic approximation. (b)
Soultz-sous-Foréts:  hydraulic
diffusivity D = 0:04 m?=s is
equal to least principal compo-
nent of diffusivity tensor ob-
tained from triggering front in
anisotropic approximation. (c)
Barnett Shale: seismicity back
front provides hydraulic diffu-
sivity D = 0:2 m?=s character-
izing the permeability of the cre-
ated fracture.



Chapter 3

Seismicity Induced by Fluid
Injections with Time-Dependent
Source Strength

3.1 Introduction

In the previous chapter, it was shown that triggering merdmas of uid-induced
seismicity can well be approximated with a diffusional @es of relaxation of
pore pressure perturbations which are caused by the idjagte An analysis of
spatial and temporal dynamics of the induced seismicityerip this conclusion
and contributes to the understanding of underlying physioacesses. Typical
signatures that con rm the diffusive nature are, for examphe parabola-like
triggering front and back front of seismicity. Further estmtes are related to the
seismicity rate, to the spatial event density distributiexmd to the characteristics
of magnitudes of microseismic events. Based on the conégpéssure diffusion,
the so-calledlSBRCapproach (Seismicity Based Reservoir Characterizati@s) w
introduced (e.g. Shapiro et al., 1997, 2002, 2003, 200%)orttbines heuristic as
well as deterministic methods for analyzing microseisnatadvhich can gener-
ally be used to estimate the uid transport properties of draylically stimulated
reservoir.

In the deterministic analysis, the main hypothesis of SRR Capproach, that is
pore pressure diffusion as the controlling process fomsieity triggering, is de-
scribed by a statistical model (Parotidis and Shapiro, 28®piro et al., 2005).
The probabilityP (Ev; ¥; t) of a microearthquake to occur until a given titnend
locationt = (x;y; z) isequal toP(C(¥) p(r;t)). It means that this occurrence
probability is equal to the probability of the critical pqueessureC(¥) necessary
for triggering a microearthquake to be smaller than or etju#the pore pressure

35



36 CHAPTER 3. TIME-DEPENDENT INJECTION PRESSURES

perturbatiorp(r; t). Under the condition that the injection-induced pore puess
perturbation is a non-decreasing function this probabilgcomes:
p(rt)
P(Ev;nt) = f(C)dC: (3.1)
0

In this equationf (C) is the probability density functiorP(DF ) of critical pore
pressure. Itis given &(C) = 1 =(Cax  Cmin ) = 1=dC, if a uniform distribu-
tion of criticality C(¥) is assumed. The criticality eld characterizes the strangt
of pre-existing fractures at which shear events can octuis.bounded byCax ,
specifying most stable, art@.,i, , specifying most unstable fractures, respectively.
In this case, Equation (3.1) results in:

P(Ev;r;t) = p(r;t)=dC: (3.2)

This equation shows that the probability of triggering a noéarthquake is
directly proportional to the pore pressure perturbationhe Tpore pressure
perturbationp(r;t) can be obtained by solving the partial differential equatio
of diffusion. Analytical solutions of the diffusion equati are known for the
condition of constant strength of a uid injection sourcea(§law and Jaeger,
1973). This special condition is approximately ful lled kseveral hydraulic
reservoir stimulations (for instance, in Fenton Hill (Heud987), in Ogachi
(Hori et al., 1999) and at the KTB site (Shapiro et al., 2006Hpwever, in cases
where the constant source condition does not meet the dpaigmmeters of an
injection experiment the application &RCmethods under the assumption of
constant source strength would give inaccurate resultsh &usituation applies
to, for example, the reservoir stimulation performed in@as December 2006,
where ow rates have been increased in several steps whictedaan injection
pressure build-up frodOMP a to 30MP a (Haring et al., 2008).

In this chapter, an analytical solution of the diffusion ation is presented which
considers the special problem of a linearly increasingcimg@a source strength.
The obtained solution is then used to nd mathematical esgions for the seis-
micity rate and for the cumulative number of induced micrdeguakes. Next,

the derived equations are veri ed by numerically solving thiffusion equation

and then generating synthetical microseismicity. In thedtpart of this chap-

ter, heuristic as well as the modi ed determinisBBRCmethods will be applied
to the microseismic data collected during the hydraulimstation of the Basel

geothermal reservoir. The different methods allow for peledently estimating
the hydraulic diffusivity respectively permeability on ald-scale. In addition, the
SBRC methods enable an evaluation of the stability of pre-exgstiacture sys-

tems of the stimulated reservoir by reconstructing thécadipressures of induced
microearthquakes.
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3.2 Analytical Formulations

Before the case of a time-dependent source strength of njettions is consid-
ered, | will begin this section with a brief review of the fuardental equations
which are valid for the condition of constant source strangt

3.2.1 Pore Pressure Perturbation Resulting From Constantri-
jection Source Strength

In Chapter 2.2, it was already shown that in homogeneoustosic, uid-
saturated, porous media the partial differential equatibhnear pressure dif-
fusion is given as:

B - or 20 (33)
with pore pressure pertBrbatip(r; t), scalar hydraulic diffusivityp and distance
to the source point = = x2+ y2+ z2, If an injection point source with con-

stant strengtly switched on at timé = O is considered, then the solution of the
diffusion equation irBD space becomes (Carslaw and Jaeger, 1973):

- 4 r .
p(r;t) = ADr erfc p4—Tt ; (3.4)
p_Ry

whereerfc(z) =1 erf(z)=2= , € tdt is the complementary Gaussian
error function. Rothert and Shapiro (2007) have shown thakeal situations
the point source condition can be approximated by an eqnvalource strength
g= ¢ =4 Da opo, Wherea is the radius of a spherical surface on which a
constant injection pressum is applied. In the case of a nite injection source
switched off at timet = to the 3D solution of the diffusion equation for times
t >t o becomes (Parotidis et al., 2004) (see also Figure 3.1):

! I#
q

r r
rt>ty)= —— erfc — erfc — : 35
P( 0) ADr pﬂ pm (3.5)

Both Equation (3.4) and Equation (3.5) allow to analytigadalculate the pore
pressure perturbation which is caused by a uid injectiothvei constant injection
pressure. In the next section, it will be shown how these &opsmchange if the
applied injection pressure becomes time-dependent.
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3.2.2 Pore Pressure Perturbation Resulting From Non-
Constant Injection Source Strength

Now, a solution of the diffusion equation will be derived wée non-constant
injection source strength is taken into account. In paldicuihe special problem
of linearly increasing injection pressures during the laydic treatment will be
considered. Generally, a solution of Equation (3.3) fonpsources has the form
(Carslaw and Jaeger, 1973):

1 4 a2 1
T (t—) @4 (t D —_—
8(D )% (t 9=
The source variable can be written agt) = @ + gt with ¢ being a time-
independent constant source strength, which can also be aedqg being the
rate of source strength increase, which is assumed to bestatwmgradient. The
source strength (t) is hence a linear with time increasing function. The sohutio
for the constant termy is known (see Chapter 3.2.1), it is therefore suf cient to
consider the time-dependent term only:

Z,

p(r;t) = dar (3.6)

2

o} a2 1
. o=
8(D )= |, te D= dt (3.7)

Simplifying the integral by replacing integration variabl = (t t) ¥2, and
solving the integral one obtains:

P(r; t) Jnonconst =

p_
r G t 12
r’+2Dt) erfc(p— e : (3.8

o}
8D ?r

P(r; t) Jnonconst =

Finally, summation of Equation (3.4) and Equation (3.8)egithe analytical so-
lution of the diffusion equation for a time-dependent seutmction representing
a linearly increasing injection pressure:

p_

+ gt r r t r2

OZD:* + 8% ) erfe(po=) 4(06 = o (3.9)
Let us now consider the migration of pore pressure pertimha@after switching
off the injection source, that ig(r;t) for timest larger the injection stop time
to. The solution given in Equation (3.9) is valid for contingosiources only.
An expression fomp(r;t > t o) can be found with the following idea which is
illustrated in Figure 3.1. The switch-off of the injectioawsce is simulated by a

summation of two source functions:

p(rit) = (
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Figure 3.1: Left: Blue lines are continuous pressure fuumdiillustrating the
input functions for deriving solutions of the diffusion exjion valid for constant
sources. For timesslarger than injection stop timg a negative pressure function
has to be applied in order to simulate the switch-off of therse. The red line
shows the sum of the two input function that gives a sour@ngth of nite time.
Right: Equivalent sketch for a linearly increasing sourtcergyth.
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1. @+ gtforallt, and

2. (p+q(t to)+ gty fort>tyandzerofot tg

In such a way, the resulting injection source becomes lohtitenite timest  tg
and then the following solution to the problem of non-constrength is found:

P-
. _,tat  qr T ¢t 2
., p(r1t>t0)_( 4Dr + 8D 2) erfc(vﬁ) 4(D )3:2 € #
P
G+ gt to)+ gto, qr r o to 12
f n 4D (t tg)
( 4 Dr "gp2 orelP 4D (t to)) apy= 7

(3.10)

Both Equation (3.9) and Equation (3.10) completely desctite propagation of
a pore pressure perturbation in a 3D volume caused by antionesource of
linearly increasing strength and nite time.

To illustrate the differences of the two solutions for camstsource and non-
constant source, respectively, the pore pressure petitmiga(r; t) is calculated
using the following parameters:

source termsp = 4 Da opo andg = 4 Da op; with

— constant injection pressupg = 10 MPa
— pressure gradieq =50 Pa=s

effective source radiud =1 m
injection duratiort, to=4 1®s
hydraulic diffusivityD = 0:05m?=s

Figure 3.2 shows pore pressure pro les as functions of tintedistance, respec-
tively. The pro le lines for both constant and non-constaource run nearly
identical for small times, and they split as expected witlgang injection du-
ration where the effect of the pressure gradigribecomes increasingly signi -
cant. It is evident from the gure that, if non-linear inteteons are excluded, the
penetration depth of pore pressure perturbations is oniyralbed by hydraulic
diffusivity and injection duration but the magnitude of {herturbation is strongly
in uenced by the applied injection pressure, in particulardistances close to
the source point. This is con rmed by comparing contour majygore pressure
perturbations which are presented in Figure 3.3.
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€Y (b)

Figure 3.2: (a) Pore pressure proles for constant injectgource pressure
(dashed lines) and for linearly increasing injection seypcessure (solid lines)
as function of distance to source point. (b) Pore pressuwrdegras function of
time. Vertical dashed line marks time of injection stop.
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Figure 3.3: (a) Isolines of perturbation of the pore pressetd caused by a
constant injection source strength and (b) by linearlyeasing injection source
strength.
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3.2.3 Pore Pressure Related Signatures of Fluid-Induced e
micity
Back front of seismicity

In Chapter 2.4, | have already mentioned that occurrence@bseismicity even
after stop of an injection is a well known phenomenon. It wlaasasved in many
locations of uid injection, such as in Fenton Hill (Parascet al., 2004) and in
Soultz-sous-Foreéts (Delepine et al., 2004). At rst, | byieecall the concept of
the back front of uid-induced seismicity introduced by Badis et al. (2004).
Intuitively, microseismic events are only probable if ppressure increases be-
cause a decreasing pore pressure leads to rock strengthBnom Figure 3.3 one
can notice that at the time of switching off the source, rezithhe pore pressure
is immediately relaxed nor it is decreasing everywhere @rttedium. Therefore
microearthquakes can still continue to occur after in@tstop but their locations
are restricted to the region of positive pore pressure atgnbhis means that the
back front is de ned by the isosurface of zero pore presshesmges which sepa-
rates the domains of positive and negative pressure chaRgea constant source
strength, it was shown that the back front of seismicity irDav®lume is given
as:

r
t

Mpt = 6Dt(t— 1)In(
0

t
t to

): (3.11)

A simple formulation for the back front,; where a linearly increasing source
strength is considered can not be derived. However, theplsblines of changes
of pore pressure perturbatiodg=dt which is presented in Figure 3.4, shows only
minor deviation of the isoline of zero changdp=dt = 0, from the back front
parabola which is calculated according to Equation (3.Ths, it is reasonable
to conclude that usage of Equation (3.11) results in a nibdgignaccuracy. In the
following considerations of seismicity rate and cumulatevent number, how-
ever, | will refer the term back fromt,s to the radius of the isoline / isosurface of
zero pore pressure changp=dt=0.

Seismicity rate and cumulative event number

Using the probability based approach (Parotidis and Sb&p@04)), the solutions
of the diffusion equation given in Equation (3.9) and Equat(3.10) allow to
calculate the seismicity rate during injectid®d(t  tp), and after switching off
the injection sourceR(t > t (), respectively. The seismicity rate is de ned as the
number of induced events per unit time. The following ingdras to be applied
to nd the expressions for both rat€{t tp) andR(t >t o):
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Figure 3.4: Isolines of changes of pore pressure pertunstp=dt (colored
lines) and back front,s according to Equation (3.11) (thick black line). Although
this equation is valid for the condition of constant injeatisource strength one
notice only minor differences between the isoldp=dt= 0 andry; .

. Z .
riy= . @EDg 4 7 OFD

ic , @t ic . at dr; (3.12)

wherel=dC = 1=(Cnax  Cmin ) is the probability density function of critical
pressuresC(¥). In the statistical model of the triggering of uid-inducedi-
croearthquakes, the criticality speci es the fracturebdity which is uniformly
distributed between a maximum criticali§nax (mMost stable fractures) and a
minimum criticality C,i, (most unstable fractures). The quantitys the vol-
ume concentration of pre-existing fractures. The integndimits are de ned by
the seismically active rock volume:andbare the time-dependent radii of isosur-
faces of pore pressure perturbation corresponding to tliesaf maximum and
minimum criticality, respectively. Fdr>t o, the radius of the back front replaces
the radius of pore pressure iso-surface of the valig@f in the lower integration
limit (Langenbruch and Shapiro, 2009). In Figure 3.5 theetidependent radii of
the seismically active volume are illustrated im a t diagram of uid-induced
microearthquakes.

First, the equation for the seismicity rate before the iggcsource is switched
off is derived. The time derivative of Equation (3.9)

emt). __ o =, 4 r
@t Jt o= 8(Dt )= ST erfc(p4—ﬁ) (3.13)
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Figure 3.5:r t diagram of microearthquakes along with bounds of the seismi
cally active volume: radius of the isosurface of pore presperturbation with the

of value minimum criticalityrc,,, (t), radius of the isosurface of pore pressure
perturbation with the value of maximum criticalityg .. (t), and radius of back
front, rys (after Langenbruch and Shapiro, 2009).

max

is introduced into Equation (3.12) and solving the integnaés the seismicity rate
during injection:

R(t to)= gz(Ri+ Ry) with ©  (3.14)

R, = M e + (g + gt 22—3) erf(Pb:)Jf@

Dt 4Dt 2D

a(@+ qt) a2 a’q a a’q

R, = — et + gt ——) erf(p— —
2 4% (pb+ 2D) (p4—Dt) 2D

wherea has to be substituted by, ., (t) andb by rc . (t). Next, the post-
injection period is considered, that is timdarger than the stop timg. The time
derivative of Equation (3.10)

@fr;t) . _ ) 2 o + Gto 2
——— Jot o= T e €% — @D (t to)
@t 8( Dt )32 8(D (t tg)¥2

G r r
erfc(p—— erfc(p————
4 Dr [ ( 4Dt) ( 4D (t to))]

(3.15)

+

is introduced into Equation (3.12) and the following exgien is obtained for the
seismicity rate after switching off the injection source:
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¥4
R(t>tg) = —— U WV (3.16)
dC i=1
with U, = M e4Dt
B g b
U = (p+ gt 5) erf(pa)
a2 ¢
U, = +qgt =) er
4 (b+q ) (p4—Dt)
and V1 = _p(d_oopﬂ e4D(t to)
D t tp
30 b
V, = +qgt —=) erf(p———
2 (n+a ZD) (pm)
V3 = pa(?cbg% e4D(tazt0)
0

<
N

a’q a
+qt ——) erf —
(b+q D ) (Pm)

wherea has to be substituted byaxfrc .. (t);ros(t)gandbbyrc ().

Equation (3.14) and Equation (3.16) are full solutions @fititegral for the com-
putation of the seismicity rate. Occasionally, it can bduider the calculation of
seismicity rates to consider the whole volume where porsesume changes occur.
It means that the seismically active region is not boundeddhyes of maximum
and minimum criticality:Cyax is larger than the maximum injection pressure and
Cmin €quals zero. Such a situation was introduced as a referaseghy Langen-
bruch and Shapiro (2009). The integration limatandb in Equation (3.12) then
becomed andl fortimest torespectively, andl fort >t . The solutions

of the integral hence simplify to:

Rt t)= (% ai) (3.17)

max

and
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R(t>t) = (U V) with : (3.18)

max

' 6 t t t t t

3t 3 1
U=(mp+ qt) _(E 1)|n(m)(m) 0 (t to) (t to)
t t
V= gp+qt 3qt(— 1)in( )

) to t to "

3t t 3 t t t

erf E(E 1)In(t to) erf 5(—t to)(ﬂ 1)In(t to)

The effect of different set-ups of criticality on the seisity rate is now investi-
gated. This allows to deduce how the rate of seismicity exia dependence on
the stability of fractures. For this purpose, a referente isacalculated according
to Equation (3.17) and Equation (3.18) and then compareates rwhich are
calculated according to Equation (3.14) and Equation ju$thg varying values
of minimum and maximum criticality. Figure 3.6 illustratés® result. On the one
hand, one can notice that an increased value of minimuncalitly leads to fewer
events per time-step in relation to the reference rate. €lsgrscity rate is more
gently rising during injection whereas it decays fastehmpost-injection period.
Therefore a higher minimum criticality addresses as exuee more stable
fracture system. On the other hand, values of maximum atlitycbelow the
maximum of pore pressure perturbati@,ax < p(r;t), result in the interesting
observation that the rate is still rising even though theahpn has already been
stopped. Such situations represent rather unstable feasystems.

The cumulative number of induced microearthqualggat a timet can be ob-
tained by summation of the seismicity rate until timelrhe summation reads in
integral form:

y
Ne() =  R()dt: (3.19)

Introducing the de nition of seismicity rate, Equation12), yields for the cumu-
lative event number:
Z Z,

4
Ney(t) = ac p(r; t)dr = ac
Vv a

First, solving the integral for times  to the cumulative number is then given as:

r2p(r;t)dr (3.20)
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(@)

(b)

Figure 3.6: Comparison of seismicity rates which are cakeal for different sce-
narios of fracture stability. (a) Effect of increasing nmmum criticality (more
stable fracture system), and (b) effect of decreasing maxirariticality (more
unstable fracture system).
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Neu(t) = == [N + NoJi 2> with : (3.21)
dC
T2 !
@ r? Dtremr r2 r
Ni= - — —pPp—+(Dt <) erf p—
‘"D 2 ot ¢ 2) 4Dt
|
r2 )
gt r? r4 Dtreat , r2 1 Dt ré r2 r
Np= — —+ p + )+ (— —) erf p——
2D 2 16Dt " Dt (4Dt 2) ( 2 16Dt 2) 4Dt

wherea has to be substituted by . (t) andbbyrc . (t). For timest larger
than the injection stop timig the cumulative number of microearthquakes can be
obtained by the following equation:

Nev(t>t0) = New(t) o= [Ni+ No+ Ng]'=P with :  (3.22)
0 , 11
®gf° D@ tore®t @ r2 r
N,= = @_ - +(D(t ty) —) ef p—— A
"D 2 "D to) (Dt to) 3) 4D(t  to)
0 , 1
2 4 D(t t )re4D(tr to) r2 1
o= Bel s ] {§ _torewt + ha
D 2 16D(t to) D(t t) 4D(t to) 2
I
gt  D(t to) ré r2 r
Ny = — —) erf p———
= p (73 16D(t  to) 2) Dt to)

wherea has to be substituted byaxfrc . (t); ros(t)gandbbyrc . ().
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3.3 Numerical Veri cation

Numerical modeling is applied in order to verify the derivaathlytical solution
for pressure diffusion in the case of linearly increasingrse strength. For this
purpose, the commercial software package COMSOWM is used to numerically
solve the diffusion equation. The outcome of the modelihgf is the spatio-
temporal distribution of the pore pressure perturbatiémsns the base for the
simulation of uid-induced microearthquakes.

3.3.1 Modeling Approach

A comprehensive description of the modeling approach odl-induced seismic-
ity which is used here is given in Rothert (2004). In the faliog, the procedure
of numerical modeling and generation of synthetical miartdejuakes is brie y
outlined (see also Figure 3.7):

Step 1: model creation

Prior to numerically evaluate injection induced pore pues$erturbations

a model set-up has to be de ned. For this purpose, | consi@& model
space with physical dimensions®)00m in each direction. The hydraulic
diffusivity D is homogeneously distributed over the whole model space and
a value of0:05m?=sis assigned to it. In the center of the cube the source is
placed which is an injection pressure cavity with a radigief 3 m. From

the source, uid injection pressung is liberated satisfying the following
initial and boundary conditions:

pi(ap;t=0)=0 pi(ag;t) = pt for t  to;

with pressure gradienf, = 50 P a=sand injection stop timé¢, = 4 10

. I is the radial distance to the source de ned as the vector neym

X2+ y2+ z2. The initial condition for the pore pressupér;t) in the
whole model domain is set to:

p(r ant=0)=0;

whereas along the surface of the model sp&e, a Dirichlet boundary
condition is de ned in such a way that there is xed zero poregsure:

p(8r2 @;t)=0:

Step 2: equation solving
The partial differential equation of time-dependent ling@ssure diffusion
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is solved using the FE ( nite element) method (Gallaghe73)9which is
implemented in COMSOL®* ™, The nite element modeling is done for a
total timet = 360 h = 1:296 10° s, with a sample interval t = 3600s. As

a result, it provides the spatio-temporal evolution andrithstion of pore
pressure perturbationxx;y; z;t) on the nodes of the irregularly spaced
element grid. Afterwards, the obtained numerical solut®mterpolated
to regularly spaced cells which is required for further mpsging. The&D
model with a length ok = y = z = 800 m is subdivided into 64 evenly
sized cubes where each cube consis&0of 50 50cells. Hence, the total
number of cells in the whole model &million.

Step 3: criticality eld

Once the perturbed pore pressure eld caused by an injebtisrbeen ob-
tained synthetical microseismicity can be generated. Fsrgurpose, a
failure, respectively microearthquake triggering crdar has rstly to be
introduced. In accordance with the concepS&RC which argues that the
in-situ stress state of rocks in the upper Earth crust is close tdieatstate
of failure equilibrium, a criticality eldC(+) is de ned. In the model, the
state of stability of pre-existing defects (such as fadtestures, ssures)
is characterized by assigning a critical value of pore pnes€ to each
cell. These critical pressures are statistically homogaes@and randomly
distributed on the complete ensemble of cells.

Step 4: seismicity triggering

The triggering of seismicity is now realized by comparing ffore pressure
perturbatiorp(r; t) and the critical pressur@(+) for each cell and for each
time step. If at a timé = t. the increasing pore pressure exceeds the local
criticality value in a pointre then this point becomes the hypocenter of a
microearthquake with source ting

P(ferte) C(re) =) event(Xe; Ye; Ze; te)

Once an event occurred in a certain point no additional remriquakes
are triggered at this position. It concludes from the asgionphat recharg-
ing of critically stressed defects due to processes sucltressscorrosion,
tectonical loading and deformation is much slower than tioegss of pore
pressure diffusion (Shapiro et al., 2007). Finally, theaoied synthetical
cloud of microearthquakes can further be analyzed, foans, its spatio-
temporal characteristics and the rate of seismicity.
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Figure 3.7: (Page 51) Work ow of generating synthetical deinduced mi-
croearthquakes using numerical modeling. After a modelipdtas been de ned,
the differential equation of linear pressure diffusionusrerically solved with the
FE method to obtain the pore pressure perturbation (top Keftriticality eld is
then de ned which statistically characterizes the strargjtpre-existing fractures
(top right). A comparison of pore pressure perturbation entetality provides a
cloud of microearthquakes (middle) which can be analyzewgusr t diagram
(bottom left) or its seismicity rate (bottom right)

3.3.2 Comparison of Modeling Results with the Analytical Se
lution

In a rst step, pore pressure perturbatiqgs, t) that have been obtained from the
analytical as well as the numerical solution of the diffuiiséguation are compared
with each other. The parameters for the calculation areaheesas used in the FE
modeling:

source termsp = 4 Da opo, ¢ = 4 Da op;

— constant injection pressupg =0 Pa
— pressure gradieq; =50 Pa=s

effective source radiudy =3 m
injection duratiort, to=4 1®s
hydraulic diffusivityD = 0:05m?=s

Figure 3.8(a) shows pore pressure pro les as function dfadise to the source
point for different times. In such a presentation, one caamere the temporal
evolution of the spatial distribution of pore pressure pdyations. It is clearly
identi able from the gure that the pro le lines well coinde for both solutions.
In Figure 3.8(b) the pore pressure perturbation is plotsetuaction of time for
different distances to injection source. Again, one canasg®od agreement
between analytical and numerical solution although mirexiations are recog-
nizeable, in particular for th80 m pro le line during the post-injection phase
(timest >t o). But, the overall deviations are in the order of the gradacaluracy
of the numerical modeling.

In a next step, the modeled pore pressure perturbation ts tasgenerate mi-
croearthquakes as explained before. The synthetical s@mwmicity allows for
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€Y (b)

Figure 3.8: (a) Pore pressure pro les from numerically sajphe diffusion equa-
tion (dashed lines) and from the analytical solution (sdilés) as function of
distance to source point. (b) Pore pressure pro les as fomaif time. Vertical

dashed line marks time of injection stop.

further testing the derived analytical equations. Hereadbe of seismicity is con-
sidered in more detail. Using Equation (3.14) and Equatih€) the seismicity
rate is calculated for different scenarios of fracture iitgkand then compared
to an equivalent modeled seismicity rate. The result isgutesl in Figure 3.9.
One can notice from the gure that both analytically and nucsdly determined
seismicity rates well correlate for the shown setups ofoaiity limits.

3.4 Application to Basel Data

In 1996, Geopower Basel AG and its contractor Geothermalldeegs Ltd.
started to establish a new geothermal site in Basel, Swatzgrto produce heat
and electric energy (Haring et al., 2008). The city of Baselocated at the
southern end of the Upper Rhine Graben system where it edershe fold and
thrust belt of the Jura Mountains. The area represents diygogieothermal
anomaly in Central Europe with an estimated reservoir teatpee of about
190 C in 5km depth (Haring et al., 2008). The geological and tectoniets
of the region is illustrated in Figure 3.10. The Rhine Gralempart of the
Cenozoic European Rift system, a failed extensional rifticitire extending
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Figure 3.9: Comparison of seismicity rates for two diffdreat-ups of fracture
stability: (2)Cnin = 500 PaandCyax = 1 MPa, (b) Cnin = 10;000Paand
Cmax = 1 MPa. Red bars represent the seismicity rates obtained by noaheri
modeling and black lines represent analytically calculatsmicity rates accord-
ing to Equation (3.14) and Equation (3.16).
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Figure 3.10: Schematic geological and tectonical map ofsihiethern Upper
Rhine Graben. Lower part shows the seismic monitoring netwiolack circles
mark the positions of seismic stations. In addition, infatibn on installation
depth and geological formation are given for each statidterdlaring et al.,
2008).
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from Norway (Oslo Graben) to the Mediterranean Sea in soulEtance (Rhone
Graben) (Eisbacher, 1996). As a consequence of its teatoniation, the Upper
Rhine Graben forms a weakness zone which is documented fiycsigt natural
seismic activity (Deichmann and Giardini, 2009). It is medethy in this context
that the strongest historically known earthquake in Europgh of the Alps
occurred in Basel in 1356. The dominant mechanism of recatotral seismicity
in the area is controlled by the Alpine compression (Dyerl.e2808) resulting
from large-scale collision between the African and the Besm continental
plates.

After completion of drilling borehole Basel-1 into the gitam basement, a
hydraulic stimulation to enhance the permeability of treergoir was performed
in December 2006. Within six days of uid injection, abolt; 500 m*® water
were pumped at stepwise increased ow rates up6@l=s and maximum
wellhead pressures of 30MP a (Figure 3.11). The installed seismic monitoring
system consists of six permanent and one temporary 3-coampaownhole
geophones (Figure 3.10). After its automatic detectiorhfpocenter location of
a microearthquake was determined by a grid-search algotiing P and S wave
traveltimes and a 1D velocity model. A detailed descriptidriata acquisition,
processing and event localization is given in Dyer et al0g0

During the period of injection, approximately 14,000 measthquakes were de-
tected by the monitoring system from which about 2300 haes becated in near
real-time. The hypocenter distribution of the microeauidkes is shown in Fig-
ure 3.12. The event cloud forms an elongated zone of seisttiidtg striking

N 160 E. This dominant orientation is sub-parallel to the directed maximal
horizontal stres$umax Which was estimated from borehole breakouts and from
drilling induced tensile fractures (Dyer et al., 2008).l&arly demonstrates a pre-
ferred direction of uid migration in the direction of maxmm horizontal stress. It
means that uid transport properties are expected to betroigically distributed
in the reservoir. The dimension of the microseismic cloudgproximately850
m in strike direction,250 m perpendicular to the direction of strike, aa@00
m in vertical direction. An interesting feature of the inddcgeismicity can be
identi ed from the depth distribution of hypocenters. Cuaesing the temporal
evolution of the event cloud one can see that although it wasded to pressur-
ize the complete open hole section (OHS78m  4749m) the injected uid
entered the reservoir rock only in the upper part of the OH§uie 3.12). Dyer
et al. (2008) reported that the temporally installed gemghgot stuck in4422
m depth prior to the stimulation. However, well logging dgiwater injection
revealed that the open hole section was not hydraulicatiigdd. Therefore a
zone of higher permeability at this depth range can be cdedult is con rmed
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Figure 3.11: Hydraulic treatment data of the Basel geothéreservoir stimu-
lation in 12/2006. The upper part of the gure shows injeotfressure (dashed
line) and downhole pressure (solid line). The lower partvehaw rate (solid
blue line) and cumulative injected volume (dashed blue)liRed line represents
uid out- ow of the borehole Basel-1 which was opened after event with lo-

cal magnitudeM | = 3:4 occurred. The reason for opening the borehole was
to avoid further microearthquakes with a signi cant magde by decreasing the
overpressure in the reservoir.



58 CHAPTER 3. TIME-DEPENDENT INJECTION PRESSURES

by acoustic borehole imaging which has shown that the fraatansity decreases

with depth, from0:3to 0:2 per meter, as well as the presence of a major cataclastic
zone a¥4450m (Haring et al., 2008).

Figure 3.12: Source locations of microearthquakes indwltgohg the injection
period (02.12.-08.12.2006). Color corresponds to everumence time (in days),
the red point in map view marks well location, black and ree lin depth views
mark trajectory of injection well and open hole sectionpesgively. Upper right
plot shows the rose diagram of fracture orientation whichaates the direction
of maximum horizontal stresS, .« (after Haring et al., 2008).

3.4.1 Heuristic Analysis

At rst, it is intended to apply the concept of triggering fits as described in
Chapter 2.2 to the Basel microseismic data. In such a way,gete an idea
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about the magnitude of hydraulic properties of the reserbreover, the esti-
mate of the tensor of hydraulic diffusivity is later neededtransferring the mi-
croearthquakes from an anisotropic medium to an effegtigtropic medium.
This transfer is necessary since an isotropic distributidmydraulic diffusivity is
assumed in the derived equations for a deterministic aisalys

Diffusivity estimate from isotropic approximation

Although one notices from the alignment of induced micrdeguakes that hy-
draulic properties of the reservoir are anisotropic, aascdiffusivity is rstly
derived using the spatio-temporal evolution of microséts#y For this purpose,
the induced microearthquakes are presentedrin & diagram, that is a plot of
minimum distance between injection source and hypoceotatibn of each mi-
croearthquake as function of its occurrence time (Figut8(@.)). Also shown in
Figure 3.13(a) are the triggering front curve and the bachtfcurve which have
been tted to the data points according to Equation (2.4) Bgdation (2.23),
respectively. Both envelopes of the seismic cloud yield draylic diffusivity
D = 0:06m?=sas the most representative estimation.

Another possibility to estimate the hydraulic diffusivipyovides an analysis of
event density ina t grid (Figure 3.13(b)). The number of microearthquakes
is counted in each grid cell whose dimensions®8a 13m. Triggering front
and back front curves are then tted in such a way that theyt line region with
high event density. This procedure yields the followingufesAs in the case of
a regularr  t diagram, one value for the hydraulic diffusivity can be ded
from both enveloping curves. A hydraulic diffusivity of tbeder of0:05m?=sis
obtained by investigating the event density in a t grid.

Diffusivity estimate from anisotropic approximation

In the next step, the real situation of heterogeneouslyibiged diffusivity is
approximated by an anisotropic but homogeneous mediumsukdr a situation,
the triggering front of seismicity is given by Equation (R.®iagonalization of
the diffusivity tensor in this equation results in an elopial equation in which
the source coordinates of microearthquakes are scalecelsgtiare root of their
occurrence times (see Equation 2.8). The half-axes of tlpseid are equal to
the square roots of components of the diffusivity tensorringiple coordinate
systemD 11, Dy andD 3.

An ellipsoidal envelope to the scaled microseismic cloudaw determined by
applying the algorithm which has been proposed by Rindsohves (2001). Mi-
croearthquakes which occurred in the period of stronglyced ow rates prior
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(@)

(b)

Figure 3.13: (a) t diagram of induced microearthquakes and (b) event density
inar tgrid. In (a) and (b) triggering and back front curves are tplt The
onset of triggering front curve is shifted to account for tbe ow rate in the
beginning of injection (compare with Figure 3.11).
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Figure 3.14: Cloud of induced microearthquakes in princgurdinate system
(X;Y; Z) together with tting ellipsoid with its half-axes represting the tensor
of hydraulic diffusivity. X, Y, and Z axis are equally scalgdenter of ellipsoid is
distinct uid entry point at4422m depth.

to the injection stop (see Figures 3.11) are treated asipjestion events and
are therefore not processed. The ellipsoid shown in Figuté & obtained as
best t to the data. In source location coordinate systera diipsoid is de ned
by a strike direction ofl50 and a dip angle 089 . The strike angle is close to
the direction ofSyax , but the longest half-axis of the ellipsoid is in the vertica
plane. It is coherent since the magnitude of vertical st8&ss$s lower than the
magnitude of maximum horizontal streSgmax (See Haring et al., 2008). It can
be concluded that pre-existing fractures are likely vaflycoriented and aligned
with the direction ofSynax . The half-axes of the ellipsoid yield the hydraulic
diffusivity tensor:

0 1
06 0 O 2
D=@ 0 29 0 A 102 —
0 0 52 S

One can also notice from Figure 3.14 an asymmetry of the re@ismic cloud
in the vertical plane with respect to the injection pointmiéans that the center
of the cloud is shifted upwards and therefore being aboveuideentry zone.
The lower number of microearthquakes with increasing dépdimpared to the
opposite direction) is caused by higher vertical streSgewhich acts against the
pore pressure perturbation. Despite this observatiomdlode that the estimated
diffusivity tensor is reasonable and it is in accordancéhie estimate from the
isotropic approximation.
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3.4.2 Deterministic Analysis

In the following, | will utilize the derived equations for p® pressure perturba-
tion, seismicity rate and cumulative number of microeautiges (introduced in
Chapter 3.2) for a reservoir characterization.

Spatial event density

The rst method that is applied to the Basel data consideessipatial density
distribution of induced microearthquakes. The method wapgsed by Shapiro
et al. (2005), and it is based on the statistical model of -induced microseis-
micity. We have seen in the introduction of this chapter thatevent probability
is directly proportional to the pore pressure perturbat®(Ev;r;t) / p(r;t),
in case this perturbation is non-decreasing. It means tltaingarison of the
injection-induced pore pressure perturbation given bydfqa (3.9) with the
observed spatial event density allows for estimating trarduylic diffusivity.

Figure 3.15: Frequency-magnitude dis-
tribution of induced microearthquakes.
The distribution is used to de ne the

magnitude of completenedsl., which

is 0:6 for the Basel catalog (marked by
the dashed line).

The event density is determined by applying the followinggedure to the lo-
cated microearthquakes. Since isotropic reservoir cimmditare considered, the
microseismic data have to be preprocessed to correct fattberved anisotropy.
The source coordinates of microearthquakes are rotatedcahed to transfer the
microseismic cloud from hydraulically anisotropic comaiits into an equivalent
cloud in an effectively isotropic medium (see Shapiro et2003). The rotation
matrix and the scaling factors, which are the inverse squts of the principal
components of the diffusivity tensor, have been determasedescribed in Chap-
ter 3.4.1. In addition, only microearthquakes are considiénat have a magnitude
above the magnitude of completeness. Thus, the incomplederi the earthquake
catalog due to the magnitude-distance detection threshdéken into account.
The threshold value is derived from the frequency-mageitdidtribution of in-
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duced microearthquakes. For the Basel injection, suchtakdison provides a
completeness magnitud¢,. = 0:6 (Figure 3.15). After preprocessing the data,
the event density can be calculated. Microearthquakesoaneted in concentric
spherical shells centred at the injection point (Figurég.The radius increment
is kept constant in this routine. Therefore the total evemuber in each shell has
to be scaled by the shell volume. The resulting scaled nusrdrerthen normal-
ized to the maximum value.

Figure 3.16: Sketch to illustrate the proce-
dure of spatial event density: (I) counting
microearthquakes (grey crosses) in spheri-
cal shells (black circles) centered at the in-
jection point (red point), (Il) scaling event
numbers by shell volumes and (l1l) normal-
izing to maximal scaled number.

In the next step, the pore pressure perturbapiont) is calculated according to
Equation (3.9) with following parameters for the sourceter= ¢ + gt,:

sourcetermsp =4 Dagppandg =4 Daop

— constant injection pressupg = 11:5MPa
— pressure gradiem; = 48 Pa=s
— po andp; are derived by linear regression of the measured injection
pressure (Figure 3.17)
effective source radiugy = 2:38m

— spherical surface equivalent of a cylindrical surface \Wwh&an open
hole section with length  45m (main zone of uid entry, see Figure
3.18)

injection timet, =4 1% s
— time interval of signi cant and non-decreasing ow ratesgére 3.17)

The hydraulic diffusivityD in Equation (3.9) is then varied to correlate the
normalized pore pressure perturbation with the observethalized spatial event
density. The result is shown in Figure 3.19. Depending onstlected shell
radius, best possible matches are obtained with hydraifflistvity ranging from

D =0:055m?=stoD = 0:07m?=s.
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Figure 3.17: Flow rates and injection pressures of the Baselrvoir stimulation
performed in 12/2006. The red line represents approxiniatedr rising pressure
function withpy, = 11:5 MPa andp, = 48 P a=s(obtained by linear regression).
Begin and end of red line mark the time interval which is cdased in our anal-
ysis. It covers the period of signi cant and non-decreasaovgrates.

(a) (b)

Figure 3.18: Histogram of depth distribution of induced ro&arthquakes, (a)
during the rst half day and (b) during the rst day of injeoti. The histograms
demonstrate that signi cant microseismic activity is notorring below 442%n

in the considered time intervals. Since the open hole secti®asel-1 starts at a
depth 0f4379m, it means that main zone of uid entry covers approximatély t
rst 46m of the complete open hole section.
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Figure 3.19: Observed spatial event density as functionsifidce to injection
point. Event densities are calculated for varying shellinghging from 15 m
(top left) to40 m (bottom right). Theoretical curves represent normalizeckp

pressure perturbations according to Equation (3.9).
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Figure 3.20r t diagram of rotated and scaled microearthquakes induceagdur
the time interval under consideration along with isolinégpore pressure per-
turbation. The pore pressure perturbatpgn t) is calculated using a hydraulic
diffusivity D = 0:055m?=s,
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Figure 3.20 shows the rotated and scaled cloud of inducetbeacthquakes in
the space - time domain. In addition, isolines of the indynee pressure pertur-
bationsp(r; t) are presented. The combined presentation allows for dyengtia
lower bound and an upper bound of critical pore press@gs, andCpax. The
critical pore pressur€(r) de nes the value of pore pressure perturbation that
must be exceeded in a given pomof the medium to trigger a microearthquake
at exactly this position. Pressure perturbations belowvitttesshold valu€,.,;, are
not suf cient to induce microseismic events. The isoswuf@espectively isoline)
of pore pressure perturbation with the value of maximumicaiity corresponds
to the distance below which all possible fractures haveadiyeuptured. In other
words, the whole medium is brought to failurepffr; t) equalsC,,.x and no fur-
ther microearthquakes can be triggered. The t diagram shows that during
injection the upper envelope of microseismicity roughlynctdes with the iso-
line of pore pressure perturbatip(r;t) = 5000 P a (Figure 3.20). Furthermore,
a region of seismic inactivity below the isolimgr;t) = 1 MPa can be identi-
ed. Both bounding isolines hence provide estimates of mahihg parameters of
the seismically active volume during the injection, tha G, 5000P a and
Cmax 1 MPa. However, one should note that the obtained result can lsethia
by location uncertainties and by magnitude-distance tietethreshold.

Seismicity rate and cumulative event number

In contrast to the spatial event density, which can only lterd@ned for localized
events, the catalog of detected microearthquakes will hsidered for an analysis
of seismicity rate and cumulative event number. Figure 3tiws observed and
calculated seismicity rates. Both rates are normalizetlédime moment where
ow rates have been signi cantly reduced, thattis to = 400;000s. The bars
represent number of detected microearthquakes per one hberblack curve
is calculated according to Equation (3.14) and Equatioh6)3. The hydraulic
diffusivity and the criticality limits are chosen to matdhetobserved seismicity
rate and to be in agreement with before estimated values.b&bkepossible t
results in a hydraulic diffusivitD = 0:065m?=s. Minimum and maximum
criticality areCp,, = 6000PaandC,x = 0:75MP a, respectively.

However, one can notice deviations between both experahamtd analytical
seismicity rate, in particular during the rst half of injeon. If the uid ow
rate is additionally shown in this gure, then an interegticharacteristic can be
observed. The triggering of induced seismicity reacts gensitive to the applied
injection ow rates. Moreover, the two rates run nearly piataf both are normal-
ized to timet = 400;000s. The cumulative number of microearthquakes along
with the injected uid volume show a similar behavior (Figus.22).
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Figure 3.21: Seismicity rate of induced microearthqualesalized by its value

at timety, = 400;000s. Red bars mark number of detected events per hour
and black line denotes analytical seismicity rate. Thedmal rate is calcu-
lated according to Equation (3.14) and Equation (3.16) withcality parame-
tersChax = 0:75MPa andC,,, = 6000 P a, and with a hydraulic diffusivity

D = 0:065m?=s. Dashed blue line denotes injection ow rate.

Figure 3.22: Normalized cumulative number of microeartdias. Red line marks
the observed cumulative number, black line denotes apsalydumulative number
which is calculated according to Equation (3.21) and Equa(8.22) with param-
eters as given in the caption of Figure 3.21. Dashed bluedém®tes cumulative

volume of injected uid.
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Figure 3.23: Normalized cumulative number of microeartias induced after
shut-in. Red line marks the observed cumulative numbehethblack lines de-
note analytical cumulative numbers which are calculatemaiing to Equation
(3.22). To achieve good correlation between theoretioalecand observed curve,
one has to consider an interval of minimum criticaliB, , ranging from9500
P ato 5500P a.

Nevertheless, Figure 3.21 and Figure 3.22 demonstratepthkdiction and ob-
servation well coincide in the post-injection phase. Tfaeethe cumulative
number of microearthquakes induced after the injectiop ssoconsidered for
a characterization of reservoir parameters (Note thathnéis time is at about
430 000s, compare with Figure 3.17). The decay characteristic aéatet mi-
croearthquakes requires special data matching, suchhiadiesst possible t pro-
vides not only one de nite value for the minimum criticaliyt rather an interval
from 5500< C,in < 9500Pa (Figure 3.23). Precisely, it means that shortly
after the shut-in of injection a good correlation is achtewsing a diffusivity
D = 0:055m?=sand minimum criticalityC,, = 9500 P afor the calculation of
the cumulative number whereas with ongoing ti@g, decreases t6500P a.
Probably, the observed special behavior of seismicity yleceaused by two dif-
ferent sets of pre-existing fractures as reported by Dyal.¢2008) and as it can
also be identi ed from the hypocenter distribution (mapwia Figure 3.12). The
two fracture systems are assumed to be statistically repteg by individual en-
sembles of uniformly distributed criticality. Depending their alignment with
respect to the direction of maximum horizontal stress, the fracture systems
can likely be characterized by different values for minimeniticality. However,
also unimodal- or Weibull-distributed critical pore presss can lead to the ob-
served phenomenon of induced seismicity in Basel. Lateni;iahapter, it will
be investigated whether numerical modeling provides afaegion.



70 CHAPTER 3. TIME-DEPENDENT INJECTION PRESSURES

3.4.3 Numerical Veri cation of Results

The idea is to validate the obtained estimates for the hyidrdiffusivity and the

criticality limits on the basis of nite element (FE) modetj and synthetically
generated microseismicity. The individual steps of the eliod approach have
been already described in Chapter 3.3.1. The here preserddls differ with

respect to the source function that has been applied in threencal modeling.
Further parameters such as model dimensions, observatienand hydraulic
diffusivity (D = 0:055m?=s) are the same in all models.

Model 1: pressure gradient |

Model 2: pressure gradient Il

Model 3: Basel pressure

Figure 3.24: Source function applied in
Model 1:

— po=11:5MPa
— pt =48 Pa=s
— t; =400;000s

Figure 3.25: Source function applied in
Model 2

— po=0MPa
— pt=50Pa=s
— 1, =400;000s

Figure 3.26: Source function applied in
Model 3

— measured wellhead (injection) pres-
sures

— 1) =430;000s

A cloud of microearthquakes is generated for each of theeptes models using
criticality limits, that areC,,, andCnax, Which provide best possible correlation
with characteristics of detected microearthquakes in BaseChapter 3.2.3, it
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Model | Source Function Criticality Tectonic | Events
Chin Crnax potentialF,

1 pressure gradient | 9600Pa 0:15MPa | 0:61 10°J | 18,948

2 pressure gradient Il 9500Pa 0:08MPa | 0:33 10°J | 13,920

3 injection pressure| 10°Pa 0:08MPa | 0:33 10°J | 17,890

4 uid mass ow | 9000Pa 0:09MPa | 0:37 10°J | 13,621

Table 3.1: Set-up (source function and criticality rang®) eesulting event num-
ber of different realizations of the modeling. For a comgpam, 13,494 events
were detected in Basel in the same time interval. Critigalélues in Model 4
are rescaled (see text). The tectonic potential is givem@&satio of maximum
criticality and fracture volume concentratiof, = Smec. The fracture volume

concentration in all modelsis=2:44 10 4%.

was demonstrated that the two limits have a dissimilar inc& on the micro-

seismicity. The minimum criticality strongly affects theahy characteristic of
seismicity after injection stop whereas the number of irdumicroearthquakes
is mainly controlled by the value of maximum criticality amy the volume

concentration of pre-existing fractures. Table 3.1 sunmearthe corresponding
values that have been used to obtain synthetical cloudsabsgismicity.

The modeled seismicity rates are evaluated and comparduetddtected rate
in Basel. One can notice from Figure 3.27 that in all modeésritaximum of
seismicity rate and its decay after injection stop well agruith the observations
from Basel (Figure 3.30). It means that criticality limitsegporoperly de ned
and they are also consistent with the result from the detestic analysis. It is
important to say that the value of maximum criticality, wtilsas been used to
generate synthetical microearthquakes, depends on theneotoncentration of
fractures (that is number of cells in the model space divibgdhe volume of
the model space)Cnax is therefore not directly comparable with the estimate
provided by the analytical solution. The more sensitiveapaater for a com-
parison is the tectonic potential which was introduced asr#tio of maximum
criticality and fracture volume concentratiof, = Sm2< (Shapiro et al., 2007).
Assuming that the measured fracture density can roughlyxtrapolated to a
fracture volume concentration results ighsel = (0:2%)3 =8 10 3#. The
tectonic potential then i8:13 1 J if Cra is of the order ofl MP a. Since the
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(@) (b)

(©) (d)

Figure 3.27: Seismicity rates resulting from different rabdet-ups (see Ta-
ble 3.1): (a) Model 1, (b) Model 2 and (c) Model 3. (d) For a camgon, the
rate of detected microearthquakes in Basel is shown.
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Figure 3.28: Comparison of normalized cumulative numbenigfoearthquakes:
(a) Model 1, (b) Model 2 and (c) Model 3. Red line marks the diet¢ cumulative
number and black line the modeled cumulative number.

extrapolated fracture volume concentration is most lilatgrestimated it hence
gives an undervalued tectonic potential. | therefore amtekhat analytically and
numerically obtained tectonic potentials are in a good emgent.

It is also evident from Figure 3.27, however, that seismite during injection
and total number of induced microearthquakes differ in tres@nted models
and, if compared to the Basel data, none of those compleggsoduces the
observed characteristics. The deviations can have fatignweasons. On the one
hand, the approximated linearly increasing function oéatipn pressure (used
in Model 1 and 2) simpli es the real situation. On the othenlameasurements
of injection pressures (used in Model 3) can be inaccuragetdwnear-borehole
effects including a non-linear uid-rock interaction. Agarison of cumulative
numbers of synthetical microearthquakes with observedaaarthquakes also
supports this conclusion (Figure 3.28).

These ndings inspired the set-up of a fourth model wheretfection ow rate
has been used as a uid mass source. Contrary to a possiblymone measure-
ment of injection pressures, the applied ow rate is a pragi&nown parameter.
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Model 4: Basel mass ow rate

Figure 3.29: Source function applied in
Model 4

— mass ow (product of uid ow rate
and uid density)

— 1) =430;000s

The applicability of such a model set-up for numericallycc#éting the pore pres-
sure perturbation is con rmed by Rudnicki (1986). He reded analytical so-
lutions of pore pressure diffusion for uid mass point sa@sdn linear elastic,
uid-saturated, porous solid. The solutions emphasizer#iation to solutions
of the diffusion equation for injection pressure point sms although they are
only presented for continuous injection at a constant tdtsvever, | assume that
the similarity between the two solutions is preserved fa ¢bndition of time-

dependent sources. According to Rudnicki (1986), the possuire perturbation
can be calculated with:

G A r
rnt)= —— erfc _— 3.23
p(r;t) Dar pﬂ ( )

whereq isthe uid ow rate, A = L X2 is a poroelastic constant including
Lamé moduli and for drained respectively, for undrained response as well
as Biot-Willis coef cient , and ¢ is uid density. Comparing this equation to

the analytical solution for an injection pressure souree @so Chapter 3.2.1)

q 1 r
‘Y= ———— erf S 24
p(r;t) DAr errc p4—Dt (3.24)
with g = 4 Da opo, Yyields the following relation between ow raig and injec-
tion pressurey:

_ 4Da o o _GA
A 4Dag o

The result demonstrates a direct proportionality with astamt factor that
depends on rock properties (diffusivity, poroelastic mgduuid density and
the effective injections source radius. This scaling fabis to be considered in
order to de ne the criticality limitsCin andCnax, for generating synthetical
microearthquakes.

respectively p = (3.25)
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Figure 3.30: (a) Seismicity rate of induced microearth@sadbtained for Model
4 and (b) comparison of normalized cumulative number of agarthquakes. Red
line marks the detected cumulative number and black linetbaeled cumulative
number.

The resulting seismicity rate of microearthquakes obtaiinem Model 4 is il-
lustrated in Figure 3.30(a). The corresponding paraméigis, Crax andF; are
listed in Table 3.1. Several features, such as the steprlikease during injection,
the maximum of seismicity rate and the decay following thjedtion stop, well
coincide with the characteristics of the rate of detectedro@arthquakes (Fig-
ure 3.27(d)). A comparison of the cumulative event numbegsgnted in Figure
3.30(b) also shows this good agreement. It therefore cos time correlation and
sensitivity of seismicity triggering and applied ow ratasthe case of the Basel
reservoir stimulation.

Reconstruction of critical pore pressures

The numerical modeling also allows to determine the cllitp@e pressure of
each microearthquake. This gives the possibility to recansthe probability
density function of criticality. At rst, numerical modeig with the condition of
anisotropically distributed hydraulic diffusivity is germed to obtain the pore
pressure perturbation. Principal components of the difftystensor,D 1, Dy,
and D33, have been estimated in Chapter 3.4.1 and are accordingignasl
to the model space. After the modeling, #ie eld of numerically obtained
pore pressure perturbationg(x;y;z;t), is compared to the hypocenters and
occurrence times of induced microearthquakes. The soaczatibns are rotated
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into the principal coordinate system of the tensor of hyhicadiffusivity. In
this way, the critical pore pressure which was necessaryigger a specic
microearthquake is found for the whole set of events.

Figure 3.31(a) shows the cloud of induced microearthqudkash seismic event
is color-coded according to its critical pore pressure. RAikir representation is
chosen for the corresponding t diagram which is presented in Figure 3.31(b).
Since the two gures reveal nothing unexpected, highesicatipore pressures
are in the vicinity of the uid entry point and lowest are aetkedge of the mi-
croseismic cloud, the focus now is on reconstructing theiligion function of
criticality. For this purpose, the range of critical poregsures is subdivided and
the number of microearthquakes induced during injectiaoimted in each crit-
icality interval. The resulting histogram of critical popeessures in linear scale
and in equally spaced logarithmic scale is shown in Figud2.30ne can notice
from this gure that the majority of microearthquakes wetiggered by pressure
perturbations less thas0; 000 P a (Note that the second peak 200 000P ain
Figure 3.32(b) is an artifact due to the equal spacing inritigaic scale.). It is
clear that the histogram is not re ecting the distributioné€tion. The rock volume
in which the pressure is perturbed, for instance LBQOP a is much larger than
the volume of perturbation dfMP a. Therefore the number of microearthquakes
in each interval has to be scaled with the respective volunabtain the proba-
bility density function P DF) of criticality, f (C). In addition, theP DF has to
satisfy the condition that its integral over the range dical pore pressures must
equal unity:

Cmax
PlChin X Chal= f(C)dC=1; (3.26)
Chin
This condition indicates that the probabilRyof a uid-induced microearthquake
to have a critical pore pressure between minimum and maxirodticality,
X 2 [Chin ; Cmax ], is equal to one.

The reconstructed probability density function of critisais shown in Figure
3.32. Evidently, critical pore pressures are not uniforaiitributed on the pre-
existing fractures. Otherwise, tHeDF would have a constant probability be-
tween minimum and maximum criticalityOne can notice fromgufe 3.32 that
the probability of a microearthquake to occur at a pore presperturbation be-
tween approximatel000P aand13,000P ais about three to four times larger
than at a higher perturbation and about two times larger #hanower perturba-
tion. Furthermore, the probability function indicatestth@aximum criticality is

in the order ofLl MP a. It thus con rms the result obtained from the analytical
solutions. Following up the short discussion at the end cpiér 3.4.2, the re-
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Figure 3.31: (a) Cloud of induced microearthquakes (0211212.2006). Source
locations are rotated into principal coordinate systemhef diffusivity tensor.
Microearthquakes are color-coded with their critical ppressure in the interval
1000Pato 0:3 MPa. Coordinate origirf 0; 0; 0g marks dominant uid-entry
point in4422m depth. (b} t diagram of microearthquakes. Color corresponds
to critical pore pressure in the interveED00P ato 0:3 MP a.
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constructed probability density function of criticalitjavs no clear conclusions.
Either a superposition of two uniform distributions of wdlity addressing two
differently oriented pre-existing fracture systems in Basel reservoir or another
type of distribution of criticality, such as unimodal or Wall, can explain the
reconstructed® DF of critical pore pressures. Therefore further investmyadi
are required to precisely determine the statistical cherstics of pre-existing
fractures in the Basel reservair.

3.5 Summary and Conclusions

In many cases of borehole uid injection experiments, itigt pressures are
kept constant or vary only a little over time. In these siwa, pressure diffu-
sion related signatures of uid-induced seismicity can kamined and used for
a reservoir characterization in consideration of solgiofthe diffusion equation
given by Carslaw and Jaeger (1973). If the condition of riyeawhstant injection
pressure is not ful lled, like for example by the hydraulieservoir stimulation
in Basel, application o6SBRCmethods, which base on the constraint of con-
stant source, produces inaccurate results. These methasisequire a modi -
cation by introducing a set of equations which take into aota time-dependent
source strength. | have here presented an analytical solotidiffusion equation
valid for the special condition of linearly rising injecticsource pressure. The
derived equations for pore pressure perturbation, seiigmete and cumulative
event number have been veri ed under usage of nite elemerdeting and syn-
thetically generated microseismicity. | have then app8&RCmethods, which
consider the spatial event density, the seismicity rate taedcumulative num-
ber of induced microearthquakes, to obtain estimates &httraulic diffusivity
of the stimulated geothermal reservoir in Basel. Table B@\s that the differ-
ent methods provide consistent results which are conforthegwesults from the
heuristically based approach of seismicity triggeringnfso The hydraulic diffu-
sivity is proportional to the Darcy permeability of rock @iro et al., 2003):

K= —D: 3.27
< (3.27)

With a dynamic viscosity of the pore wuid at reservoir temakne,
(T =190) = 1:75 10 “Pa s, and an approximation of the poroelastic
modulus for granitic rockN [W + ] 1 75GPa (following parameters
have been used here: porosity= 0:01, Biot-Willis coefcient = 0:47,
bulk moduli of waterK; = 3:3 GPa and solid constituent&s = 45 GPa
(see Detournay and Cheng, 1993)), the permeability is indtter of 150
micro Darcy. This nding is in good agreement with a permeability estima
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Figure 3.32: (Top) Histogram of critical pore pressures oéluced mi-
croearthquakes. (Bottom) Reconstructed probability itéefisnction (P DF ) of
criticality. (Note that the accuracy of reconstruc®F depends on the pre-
cision of hypocenter determination.) Figures (a) and (cjua#ly spaced linear
scale, representing 100 samples in the intefid0Pa 2 MPa]. Figures (b)
and (d): equally spacing in logarithmic scale, represgnti®O samples in the in-
terval[log(100Pa) log(10MP a)]. The advantage is a higher resolution of the
presentation for critical pore pressures bell®@ O00P a.
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Method Diffusivity D [10 0]

heuristic triggering front, isotropic 6.3

triggering front, anisotropic diag(0:6; 2:9; 5:2)

triggering front, effective-isotropic 3.7

deterministic back front 6.3
event density 5.5

seismicity rate 6.5

event number after shut-in 5.5

Table 3.2: Summary of estimates of hydraulic diffusivity thie stimulated
geothermal reservoir in Basel. The different methods of3B&Capproach pro-
vide consistent results.

from hydraulic data analysis conducted before the stimarat Haring et al.
(2008) give a value atOmicro Darcy for the rather undisturbed near-borehole
area. It means that the permeability is enhanced by more dhanorder of
magnitude due to the hydraulic stimulation.

Furthermore, | have evaluated the strength of pre-exidtaxgures of the Basel
reservoir using the concept of criticality. According te thnalytically as well as
numerically obtained results, | conclude that this stremgte ned by a criticality
whose upper bound is below the maximum of pore pressurerpattan. It has
been demonstrated that in such a situation the seismicéyw# reach its peak
value after the injection is already stopped. In other wptls released seismic
energy per time step should also be largest shortly afteciign stop. It means
that both higher number as well as larger magnitudes of imdludcroearthquakes
can occur in this time period. This phenomenon is indeedregbden Basel where
seismic events with largest magnitudes occurred afterisi{titaring et al., 2008).
For the lower bound of criticality | have obtained the foliogy result. Applica-
tion of the derived analytical equations to localized an@ded seismicity yields
a minimum criticality ranging fronb000P a to 9500P a. The latter value has
been con rmed by modeling synthetical microseismicity aefhprovided consis-
tently de ned criticality limits for all considered modeesups. Determination
of the critical pore pressures of microearthquakes indwkethg injection and
reconstruction of the probability density function of arality even give a lower
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value of less thardO00P a. The different estimates are likely caused by sev-
eral factors, such as the consideration of hydraulicallgaropic or isotropic
condition, of co-injection or post-injection seismicitpdhof located or detected
microearthquakes. Interestingly, the reconstructed aividity density function

of criticality yields non-uniformly distributed criticgbore pressures. It can be
interpreted either as a superposition of two uniform dsttions with different
minimum and maximum criticality, or as a unimodal distribatwith its maxi-
mum at aboub000P a. Although the rst interpretation can be concluded from
the presence of two distinct fracture systems, the latteraam not be excluded
and therefore further investigations are required.
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Chapter 4

Interpretational Model for
Single-Planar Hydraulic Fractures

4.1 Introduction

Hydraulic fracturing is the process of initiation and prgptaon of a fracture by
injecting uid at high ow rates resulting in pressures hghthan the minimum
horizontal stresSymin - It is one of several techniques for creating fractures
which, for instance, are used to enhance the productivitiiyafrocarbons, or
to develop waste disposal sites (Fehler et al., 1987; Bldcél.e 1994; Keck
and Withers, 1994). Since its introduction in the 1970's passive seismic
monitoring has been used widely and successfully to estipeabmetric param-
eters of hydraulic fractures (Albright and Pearson, 1982hIé&r et al., 1987;
Warpinski et al., 1995; Urbancic and Rutledge, 2000; Fisakteal., 2008).
The fracture azimuth, its lateral extension from the wekband its vertical
growth can be evaluated using microearthquakes recoraed the fractured
area during and after the injection. Relative source locatchniques applied to
the induced seismicity provide high resolution images Wwialiow for resolving
discrete fracture zones and better understanding sourckamsms of induced
microearthquakes (Phillips et al., 1997; Rowe et al., 2002)

The microseismic imaging provides not only a spatial maghef hal geometry

of the fracture, it also has a signi cant potential to evadudynamic growth
processes and to characterize physical processes redatgd forced fracturing

of reservoir rocks. Shapiro et al. (1997) introduced $BRC(Seismicity Based
Reservoir Characterization) method for analyzing spegtioporal characteristics
of uid-induced microearthquakes. On the basis of linedfudion of pore pres-
sure perturbations, theBRC methods allow to determine hydraulic properties
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of the seismically active rock volume. The principle of thesethods have been
presented in the previous chapter by means of analyzinginddiced seismicity
in a geothermal reservoir. However, the assumption of fipeassure diffusion
is violated by the process of fracturing of a reservoir. Asatly mentioned
in Chapter 2.3, uid transport properties can strongly béarced by such an
operation which led to the conclusion that a consideratigmessure-dependent
hydraulic diffusivity has to be taken into account. In thése, a rather general
non-linear diffusion law characterizes more accurate thgsggal process and
mechanism of microearthquake triggering. The presentedlinear diffusion
equation, Equation (2.12), provides us with a proportidyakelation of the
seismicity triggering front in dependence on the considletenension of the
diffusion problem. In the case of single-planar hydraut&ctures, which are
in focus of this chapter, it predicts a linear with time bebawf the triggering
front if a constant ow rate is applied during injection. Theestion arises how
one can interprete fracturing-induced seismicity. Thecdify here is twofold.
On the one hand, exact analytical solutions of the non-tiiééusion equation
do not exist for the special conditions of a uid injection.n@he other hand,
it should be intuitively to assume that other mechanismsazur in addition
to the fracturing process. Indeed, investigations of theadyical evolution of
fracturing-induced seismicity in the distance - time damstiow that triggering
of microearthquakes can be related to different processeation of new fracture
volume, loss of fracturing uid due to its in Itration intoaservoir rocks, and
diffusion of injection pressure into the surrounding rockl anside the fracture.

In this chapter an approach for interpretation of fractgrimduced seismicity
is proposed which can be applied to single-planar hydraudictures. It al-

lows to quantify both geometric as well as hydraulic chaastics of the frac-
tured system. Simultaneously, hydraulic properties ofuingin reservoir can
be determined too. This approach is applied to microseisiaiia recorded dur-
ing several hydraulic fracturing experiments in the Cagth&otton Valley gas
eld (Texas, USA). These well-documented fracturing exyments (e.g. Walker,
1997; Arco Exploration and Production Technology, 199 AnRcle Technolo-
gies, 1999; Rutledge and Phillips, 2003; Rutledge et ab42@llow testing of

my ndings. Since the hydraulic treatments were performader different con-
ditions, such as variations in treatment uid, ow rate an@ppant volume, in u-

ences of the treatment design on fracturing and inducedhggig can addition-

ally be studied by comparing the results of two distinctagitons.
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4.2 Hydraulic Fracture Growth and Induced Seis-
micity

A hydraulic fracture will be initiated if the downhole presse gets larger than
the minimal principal stress. The direction of propagatadna fracture is in
accordance with the orientation of the local stress eld. alrhomogeneous
medium, the fracture grows perpendicular to the axis of maliprincipal stress
(Hubbert and Willis, 1957). The hydraulic fracturing of akausually activates
microearthquakes. Their triggering mechanism is very lsinidb those one of
stimulation-induced seismicity. The injected uid causesincrease of the pore
pressure and hence a decrease in the effective stress.itimadithe propagating
fracture affects the stress state in its immediate viciditg to tensile opening.
Microearthquakes are then triggered along pre-existinyrah fractures that
are favorably oriented for slip (Pearson, 1981; Rutledgé Rhillips, 2003;
Shapiro et al., 2006a). Recent studies by Sileny et al. (RB@8e shown that
also microearthquakes are observed whose moment tensmiossl have only
volumetric components which indicate them as tensile event

For the investigation of fracturing processes and cornedppg signatures of
microseismicity it is rstly appropriate to consider a gattlar fracture geometry
model. In general, several models are known which can beiddbd into three
groups: planakD, general and plan&D, and Pseud@ models (Economides
and Nolte, 2003). Since it is useful to start with a rathergerapproximation
the group of plana2D geometry models will be considered in the following.
The fracturing-induced microseismic data that will be d&sed in this thesis
were collected during hydraulic fracturing in horizonyalayered sands and
shales. The lateral extension of seismicity clouds is fagé than the vertical
extent. For such situations, Perkins and Kern (1961) anddyen (1972) derived
a 2D fracture geometry model (the so-called PKN model, FEglii(a)). In
this model, fracture mechanics and fracture tip effectsrenteconsidered, but
the focus is on uid ow, and corresponding pressure gratiein the fracture
(Economides and Nolte, 2003). Perkins and Kern (1961) asduhat a straight
planar height-limited vertical fracture is propagatinganwell-con ned layer.
Normal stresses in the layers above and below are large briougrevent an
out-of-zone growth of the fracture and plane strain coodgiin the vertical
direction are assumed. A plane strain deformation meanplawaes which were
parallel before deformation remains parallel afterwafdsds assumption is valid
for fractures where one dimension, length or height, is mgigater than the
other. It is further assumed, as shown in Figure 4.1(a) theatross section of the
fracture body is of elliptical shape. However, Perkins amiirk(1961) neglected
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(a) (b)

Figure 4.1: 2D hydraulic fracture geometry models: (a) PKddel and (b) KGD
model (after Economides and Nolte, 2003).

uid leakoff and storage of uid within the fracture. They ggested to combine
their model with the Carter leakoff model (Carter, 1957)aécalate both fracture
width and fracture length. Nordgren (1972) introduced tipga¢ion of continuity
(i.e., conservation of mass) to add uid leakoff and storagehe Perkins and
Kern model. To complete the group of plar2d models, another geometry
model should be mentioned which was derived by Khristiatitovand Zheltov
(1955) and later simpli ed and extended by Geertsma and @ekK([1969) (the
so-called KGD model, Figure 4.1(b)). It differs in two maisp&cts from the
here used PKN model. Firstly, it assumes plane strain in thizdntal direction
which becomes true in practice if the fracture height is mgokater than the
length. Secondly, the focus is on fracture mechanics andsamiple assumptions
are made concerning the uid ow. Of particular interest imetKGD model is
the region of fracture tip having zero uid pressure and arglmessure gradient
near the tip region whereas the uid pressure is constantbénnbajority of the
fracture.

To understand the dynamical behavior of the induced migsoseity an approx-
imation of the process of fracture growth is applied thatltssfrom a volume
balance principle of an incompressible treatment uid. Tb&ime balance states
that the total volume of the injected uidj, equals the sum of the uid volume
which is stored in the created fractukg,, and the uid volume which is lost into
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the surrounding formation by leakof¥, :

Vi = Ve + V. (41)

One can rewrite this equation by replaciig = Q, t, whereQ, is the average
injection rate of the treatment uid artds the injection time. The fracture volume
Ve can be expressed 3L hg w, wherelL is the fracture half-length)e is the
average fracture height amdis the aveyage fracture width. The uid loss volume
V_ can be approximated yL C_ hg ~ 2t (Harrington and Hannah, 1975) that
introduces the uid-loss coef cienC, . This leads to the following formulation
for the half-length of a (symmetric) hydraulic fractureas a function of injection
timet:

L(t) = pQ'_t ; (4.2)
4h|: C. 2t+ 2h|: W

In this equation, the two processes that are involved in tbevidy of a fracture
are combined. On the one hand, there is the rupture procemewbw fractured
volume will be created. On the other hand, leakage of uidxrthe fracture into
the surrounding rock takes place forming a uid-invadedeolt is assumed that
both processes leave a characteristic imprint on the spatporal evolution of
induced microseismicity. Let us therefore consider Equmat#.2) in more detalil.
The rst term in the denominator describes the total uigddsom the fracture
walls into the surrounding formation. It is proportional td and hence it has
a diffusional character. The uid-loss coef cier@_ is an important reservoir
engineering parameter and is an active research topic. pkrdts on several
factors, including, for instance, the relative perme#bpibf the formation to
the uid-invaded zone, the hydraulic diffusivity of the esoir, the pressure
difference between fracture and reservoir, and the vigcosithe reservoir uid
(see also Equation (4.8)). The second term in the denonmin&tequation (4.2)
represents the contribution of the effective fracture woduand depends mainly
on the geometry of the fracture vertical cross-section. Sitape of the hydraulic
fracture, in particular the width of a fracture, is a majojedlive in reservoir
engineering.

Equation (4.2) is considered as a one-dimensional appaiiom for the trig-
gering front of microseismicity in the case of a propagatwygraulic fracture.
It is therefore an alternative formulation to the triggerifront equation of
microseismicity induced by a borehole uid injection in ar‘nogde@s,
isotropic, permeable medium without creating a new fragtui(t) = 4 Dt
(see Equation (2.4)).
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Although the fracture growth is a combination of two pro@ssst is still possible
to consider two asymptotic situations. First, let us asstiraein the beginning of
an injection the treatment uid is completely spent to cesa¢w fracture volume
only and the loss of uid is insigni cant. Then Equation (4.2an be simpli ed
by neglecting the rst term in the denominator:

Qt
L(t)= ——: 4.3
0= 3 (4.3)
Here the fracture half-length is a linear function of the injection time The
spatio-temporal characteristic of induced microeartkgaashould obey this
linear dependence. This means that microseismic eventataigoughly linear

with time away from the injection well, indicating the rupgyprocess.

On the other hand, the loss of treatment uid from the fragtwalls into the sur-

rounding formation is getting large in the long-term limittbe injection. There-

fore the corresponding term in Equation (4.2) is the dontioae and the geome-
try term can be neglected. The equation is then identic#l thig triggering front

equation for a linear pore pressure diffusion (Equatiod)j2with an apparent
hydraulic diffusivityD = D, given by:

Qit Y
——Pp—= 4D ,f;
an,C, 2t o

Q.
128h 2C?

rt) L)

Dap = (4.4)

The evolution of the microseisnly'g event cloud in space amé should show the
typical diffusional signaturer(/ ~ t).

Equations (4.2) to (4.4) provide a model that describes thegss of hydraulic
fracture growth as long as a treatment uid is injected irgsarvoir rock. These
equations relate the spatio-temporal dynamics of frastpimduced seismicity to
the fracture propagation. But also in the case of hydraudictéiring, microseis-
micity can continue to occur even after shut-in of an in@ttiWe have seen in
Chapter 2.4 that this observation is well described by tmeept of the back front
of microseismicity Parotidis et al. (2004). Most of the noiearthquakes occur-
ring after the injection stop are located in the newly creédtgdraulic fracture
volume. It means that pressure diffusion here takes plagelyria one dimen-
sion. For such a problem, the following equation for the bimoht of seismicity
has already been introduced in Chapter 2.4:
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r
Xpt = 2Dt(% Din(

t .
o) (4.5)

Inthis equationD Dy is the hydraulic diffusivity of the newly created fractured
area.

4.3 Interpretation Flow Chart

The main idea of the interpretational approach is to esemadl loss using engi-
neering data and geometric parameters of the fracture vdaicloe derived from
the induced microseismicity. Afterwards, the uid loss daused to estimate the
permeability of the reservoir.

| have pointed out before that in the beginning of a treatment fracture volume
will be opened and the uid loss can be neglected. If so, théthvof a fracture
can be calculated after rearranging Equation (4.3). HadfthL (t) and timet can
directly be derived from the spatio-temporal distributadrevents induced during
the fracture volume opening phase. However, one can alsly appadditional
method to estimate geometric parameters of the fracturteud_eonsider the time
derivative of Equation (4.2) which is the tangent:

dac X+ %Ypf _
dt (X + y' t)2’ (4.6)
where : X = (2hgwW)=Q;
Y = ( 3_Z]F CL)=Q; and
C = L=Q:

Attimet = 0 the tangent coef cien%% is 1=X. It provides the width of a fracture,
or in combination with the fracture height, the cross sectcea:A = (X=2)
Q,. The tangent coef cient can simply be obtained by data gtinkKnowing
the geometric parameters, one can then quantify the uid fosm the fracture
body using the volume balance principle (Equation 4.1). tha purpose, the
comparison of injected uid volume and newly created fraetuolume gives the
uid leakage volumeM, = Q; t 2L A. Inthe next step, the uid loss coef cient
C. can be calculated after rearranging Equation (4.5):
_Qt 2LA
CL m 4.7)

Furthermore, it now becomes possible to estimate the péiifitga of the virgin
reservoir. If the de nition of reservoir leak-off coef ci@ given in (Economides
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and Nolte, 2003, chap A9) is considered and fracture sudteets are neglected,
then one can write:

C.?
7 Co (4.8)

where andc are viscosity respectively compressibility of the resarvaid,

is the porosity of the unfractured reservoir, ang is the difference of the
pressure in the fracture (approximated by measured downpidssure) and
the initial reservoir pressure (approximated by hydrisiatessure). Moreover,
the uid loss estimate permits to calculate the apparentréwikc diffusivity
according to Equation (4.4). The so de ned hydraulic diffity can further
be used in Equation (2.4). The resulting triggering front ba compared with
the induced microearthquakes in the space-time domainvauation of the
interpretational model.

The most important aspect of hydraulic fracturing is a sfrenhancement of per-
meability for the production of hydrocarbons in rather lpermeable formations.
The derived interpretational approach also allows fomesting the permeabil-
ity of a newly created fracture. However, it is only possilfla back front of
induced seismicity evolves after injection stop which canidenti ed from the
spatio-temporal distribution of microearthquakes. Aduog to Equation (4.5),
the diffusion constanDys then corresponds to the hydraulic diffusivity of the
fractured system. It can further be used to obtain the pditityaof the fracture,

r, by the following relation (Shapiro et al., 2003; Econonsid@d Nolte, 2003):

F=C F F Dy (4.9)

Here ¢ andcr are viscosity respectively compressibility of the treatineid,
and g is the porosity of the fracture body. With both reservoir a&dlas fracture
permeability one can nally calculate the dimensionlessfure conductivityCp,
which is a key design parameter in hydraulic fracturing (kouoides and Nolte,
2003, chap 12):

W g _ A ¢ _ 4A ¢ ]
L  heL S
with S being the surface of the fracture body. The geometric paensefrac-
ture widthw and fracture half-lengtl., are included in this formulation. The
dimensionless fracture conductivity is a measure of thétwaloif the fracture to
transport uid divided by the ability of the reservoir to f@é¢he fracture. Another

important design goal in reservoir fracturing is the effectvellbore radiusr,,
(Economides and Nolte, 2003):

Cp = (4.10)
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Figure 4.2: Well con guration and operational setup of tretGage Cotton Valley
hydraulic fracturing experiments in 1997 (Phase 1: gel pamptreatments, Phase
2: water treatments).

e 2L (4.11)

whereas here the altered pore pressure eld around thaufeact not taken into
account. It is an expression of the enlarged contact betwed#bore and reser-
VOIr.

4.4 Application to Cotton Valley Data

In May and in July 1997, a consortium of oil eld operators asetvice com-
panies carried out a series of hydraulic fracturing expents in the Carthage
Cotton Valley gas eld in East Texas, USA (Walker, 1997). Téeological
setting of the gas reservoir is de ned by its location in th@thern Gulf of
Mexico sedimentary basin. The Cotton Valley formation astssof multiple,
low-permeability sand layers within an interbedded seqgaeri sands and shales.
The formation is approximatel§25m thick, its top is at a depth of abo@600m
within the study area (Rutledge and Phillips, 2003). A dethdescription of the
geology and of the stratigraphy of the Cotton Valley forroatis given in Wescott
(1984) and Walker (1997).

During the operation of the experiments different targetemowithin the Cotton
Valley formation were hydraulically fractured. The opévagl setup is shown
in Figure 4.2 and hydraulic treatment data are summarize@abiie 4.1. In
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Phase 1

gel proppant frac

Stage A Stage B

Flow rate[l=g]
Injected volumgm?]
Bottom hole pressur@P a]

Injected proppanfkg]
Perforated intervdim]

119
1340
39-43

230,000 190,00(

81

106
1253
41-47

81

Phase 2
water frac
Stage C Stage D Stage
26.5 26.5 26.5
419 396 400
45-52 45-52 45-54
) 15,000 12,000 7000
36 24 17

Table 4.1: Treatment data of Carthage Cotton Valley hydrdrdcturing experi-
ments in May (Phase 1) and July (Phase 2) 1997.

Phase 1, fracturing was performed using well CGU21-10 asrdament well.
The treatment uid was a cross-linked polymer gel with adgedppant. The
induced microearthquakes were detected and registeredtaphdle geophone
arrays placed in two monitoring wells, CGU21-09 and CGUZ22-0Initial
source locations were determined using P- and S-wave tiraesl and P-wave

particle motion data (Rutledge and Phillips, 2003).

Subeat]y, the event

locations were improved through high-precision repickofgP- and S-phase
onsets (Rutledge and Phillips, 2003). In Phase 2, fragunas performed via
perforated domains of well CGU21-09 and monitored by thesbole sensors
in well CGU22-09 only. Here a water based uid was used for tifeatment.
Induced microearthquakes were located using the sameagpas in Phase 1.

Each of the two phases included several stages of hydraatitufing, but pre-
cisely determined hypocenters of induced microearthguakeonly available for
three stages: two gel treatments and one water treatmetibe lfollowing, two
fracturing experiments will be considered in more detaihe3e are Stage A, a
gel treatment, and Stage C, a water treatment. Since battnteats were per-
formed under different treatment conditions (such as uyipge, ow rate, prop-
pant volume) a comparative analysis can be undertaken tbaddly investigate
the in uence of the treatment design on the fracturing pssceThe precisely
determined source locations of the two corresponding re@smic event clouds
are shown in Figure 4.3. The observed asymmetric distobutif Stage A mi-
croearthquakes with respect to the treatment well is likelye caused by the po-

E
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Figure 4.3: (a) Map view and (b) depth view of source locatiaf mi-
croearthquakes induced in Stage A gel treatment and in Slagger treatment.

sition of receivers (Figure 4.2). Rutledge and Phillipsd2Pargued for a limited
detection range of the monitoring system. They calculatethgnitude-distance
threshold and could show that ab@B%0f microseismic events east of the treat-
ment well would not have been detected if they had been trgghm same dis-
tance west of the well. Thus, the treatment could have medult a symmetric
fracture.

4.4.1 A Gel Treatment

Here the interpretation of microseismicity recorded in 8tage A treatment is
presented. To study the dynamical behavior via the spatigoral evolution of
the seismicity cloud, the distance of a microearthquakdn¢onearest wellbore
perforation point is plotted as function of the occurrerineetrelative to the time
of begin of the treatment ( t diagram, Figure 4.4(c)). The fracturing was per-
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formed in multiple cycles of injection in a typical hydrazifracturing sequence:
mini-frac, step rate test and main treatment (Figure 4)4{d)e cessations of in-
jection allow the fracture to close if no proppant is added t reopen in the
following injection cycle. Such behavior can be identi edther t diagram of

microseismicity (Figure 4.4(e)). Let us consider only thist minutes of each of
the injection cycles. One can see the quasi-linear everratimg with time away

from the treatment well. In my understanding, it represepisning, and in sub-
sequent injection cycles, reopening, and further propagatf the fracture. The
similarity in the velocity of fracture (re)opening in theréie individual injection

cycles (velocity of fracture propagation, 0:17 m=s) indicates that reopen-
ing takes place with approximately the same geometry (wadiith height) of the
fracture.

Estimate of Fluid Loss Volume

The rst step is to determine the volume of the newly createdttiire. | have
only used microearthquakes which were triggered in the tmaatment period to
estimate the fracture cross-section area according totegu@.7). The tangent
coef cient at timet = 0 s is obtained by data tting which results iA = 0:22
m2. The best tis shown in Figure 4.5(a). Under the assumptiat the fracture
height is equal to the total perforated section of the treatmvell, hr  80m,
then the average fracture widihhis 3 mm. The uncertainty in the estimate
of fracture width is relatively high due to the simpli ed asaption on fracture
height. However, with known cross-section area and lengthe fracture one
can calculate its volume and compare it with the injectedinma: in Stage A the
total injected uid volume was/, = 1340 m? and the resulting fracture volume
is Ve = 176 m3. Since a conservation of uid volume is assumed, it means tha
85%o0f the injected volume was lost into the formation.

Estimate of Reservoir Permeability

The controlling parameter of uid leakage is the uid-loseef cient C_ . Ac-
cording to Equation (4.7) iti5:2 10 ®> m=s'2. In addition, a diffusion constant
which is characterizing the diffusional uid leakage presecan be determined.
IntroducingC, into Equation (4.4), the apparent hydraulic diffusivitydg, = 2
m2=s. However, this diffusion constant is apparent only and nietodly related

to triggering of microearthquakes by a diffusion of poregsuge perturbations.
Nevertheless, for a simple quality control a triggeringhfraccording to Equation
(2.4) withD = 2 m2=scan be calculated and then plotted along with the induced
microseismicity. One can see in Figure 4.5(c) that the gnaftthe event cloud
following the fracture volume opening obeys a behavior kEinto triggering by
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Figure 4.4: (a) Hydraulic fracturing treatment data,r(c) t diagram of induced
microearthquakes of Stage A gel treatment. (e) Detail db(bjghlight the phases
of fracture volume opening. Figures (b), (d), and (f) aredbaivalent of Stage C
water treatment.
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linear pore pressure diffusion. The uid-loss coef ciemt furn is related to the
reservoir permeability as it is shown by Equation (4.8). Witpical values for
the Cotton Valley tight gas reservoir (hydrocarbon gas anaperature ofLl20
C and hydrostatic pressure pf= 28 MPa): viscosity = 3 10 ° Pa s,
compressibilityc, = 3:5 10 8 Pa 1), reservoir porosity 0:1 (Walker,
1997), and pressure differencep = 16 MP a, the virgin reservoir permeability
is of the order of 1microDarcy. To verify the results, a modied t
diagram where times of shut-in phases between the threetionecycles have
been removed is shown in Figure 4.5(e). In addition, theg&rmg front for
fracturing-induced seismicity according to Equation J4i presented. It is
calculated with the parameters as estimated before (heacioss-section area
and uid-loss coef cient). One can see that the curve wathilis (as the upper
envelope) the distribution of induced microearthquakeshim spatio-temporal
domain.

A further possibility for validating the obtained resuliis particular the estimate
of permeability, is explained by the following consideoat It is clear that a large
part of fracturing-induced microearthquakes are likelyp#otriggered due to the
diffusion-like leakage of uid from the fracture walls intthe surrounding for-
mation. This diffusion is controlled by the permeabilityspectively hydraulic
diffusivity of the virgin reservoir. The fracture itselfcde seen as a uid feeding
zone (comparable to an open hole section of a wellbore). ¢ lnaw calculated
the minimum distance of each microearthquake to a hypathdtiacture plane
which is obtained by linear regression of the microseistyicioud. The corre-
spondingr  t diagram is presented in Figure 4.6(a). The tting upper ¢ope
according to Equation (2.4) should provide an estimate alrdwylic diffusivity
that is equivalent to the diffusivity of the reservoir. Fangparison, the latter can
be calculated from the permeabilityusingD = N . The dynamic viscosity of
hydrocarbon gasis =3 10 ® Pa s, and the poroelastic modulus is de ned
asN [=K ¢ + =K ] with porosity = 0:1, bulk modulus of uid phase
K = 30 MP a, Biot-Willis coef cient = 0:5, and bulk modulus of solid con-
stituentsK s = 40 GPa. In this way, it results in a hydraulic diffusivity of the
order of10 ® m2=s, The triggering front in the t diagram yields a value of
D =5 10 “ m?=s. Since several factors have an in uence on both estimates,
such as precision of hypocenter locations, de nition otftee plane or assump-
tions regarding the poroelastic constants, | concludettiest are of similar order
of magnitude.
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Estimate of Fracture Permeability and Conductivity

After completion of the hydraulic treatment, a back frontsefsmicity develops
which can be identi ed from the t diagram (Figures 4.5). The signature pro-
videsDy; = 4 m?=sfor the hydraulic diffusivity of the fractured area. Thidwa

is obtained by varyin@®; in Equation (4.5) to match the microseismic data. In-
troducing the hydraulic diffusivity into Equation (4.9)édassuming an enhanced
porosity of ; = 0:3 gives a fracture permeability= in the order of soméd.0
Darcy. Thus, there is an increase in permeability about sevenr®afanagni-
tude due to the fracturing of the reservoir rock. Finallyp tiurther characteristics
of reservoir engineering can be derived: dimensionlessura conductivityCp,
and effective wellbore radius,,. Using Equation (4.10) and Equation (4.11) re-
sults inCp = 2000 andr,, = 255 m, respectively.

4.4.2 A Water Treatment

The focus here is on the interpretation of Stage C inducedasetsmicity. Ad-
ditionally, I will compare the results obtained for both eaand gel treatment.
Microearthquakes in the distance-time domain are shownguar€ 4.4(d). Con-
trary to the intuitive expectation that more uid will be losito the formation by
leakage (because of the lower viscosity of the treatmerd) tiher  t diagram
is not showing such an effect. An explanation for this pheaoom could be the
lower uid volume that was injected at lower ow rates (Tabdel) on the one
hand, or a less dense population of pre-existing naturetifras at the location of
Stage C on the other hand.

Estimate of Fluid Loss Volume

The characteristic fracture opening and subsequent reapphases are observ-
able in ther t diagram (Figure 4.4(f)). The velocity of fracture propagatis

0:2 m=s. Although the treatment design differed from the gel fracty (Table
4.1), the water treatment resulted in a similar fracturengetoy. Estimation of the
cross-section area yields= 0:13m?. Itis again assumed that the fracture height
he is equal to the total perforated domain of the treatment (velB6 m), which
then yields an average fracture width 4 mm. The water treatment resulted in
a fracture volum&/r = 65 m3. Hence it is much less than the volume of the Stage
A fracture. However, by taking into account that the volurhegected uid was
signi cantly lower (V; = 419 m?3), then the ratio of fracture volume and uid
loss volume is nearly identical in both treatments. Theretbe fracturing pro-
cess seems to be decoupled from the type of treatment uidti#er point which
supports this speculation is the seismic moment releasded®e et al. (2004)
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@) (b)

(©) (d)

(e) ®

Figure 4.5: (a)y t diagram of microearthquakes induced in main treatment
period of Stage A gel treatment, dashed line indicatesuractolume opening.
(c)r tdiagram as in (a) but with triggering front curve according=quation
2.4 to describe the diffusion-like propagation of seistyic{e) Modied r t
diagram with removed shut-in phases. Triggering and bamk turves according

to Equations (4.2) and (4.5) well limit the microseismic mveloud. (b), (d) and

(f) are the equivalent of Stage C water treatment.
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(@) (b)

Figure 4.6: (a) Modi edr t diagram of microearthquakes induced in Stage A
gel treatment and (b) in Stage C water treatment. The distaooesponds to
the distance of each microearthquake to a hypotheticaluiraglane under the
assumptions given in the text. The triggering front curvecading to Equation
2.4 is then used to derive a hydraulic diffusivity which shibloe equivalent to the
diffusivity of the virgin reservoir.

compared cumulative moment release versus cumulativet@gesolume for the
various treatments. Because cumulative seismic momeuntides total seismic
deformation, it should be proportional to the created vaumhe gel treatment
and the water treatment have an identical moment releasegenlume injected
(Figure 4.7). It supports the conclusion that the uid losssvgimilar in both treat-
ments. If uid leakage in water treatment was higher, it dddee re ected by a
smaller normalized moment release.

Estimate of Reservoir Permeability

The uid-loss coef cientC, = 4:6 10 °> m=s'? is therefore similar to the one
obtained in the gel treatment. The coef cient is again tfarred to an equivalent
diffusion constant@,, = 0:6 m?=s). A triggering front curve (Equation 2.4)
based on this apparent hydraulic diffusivity limits the rogeismicity apart from
the volume opening phase in the t diagram as shown in Figure 4.5(d). The
uid-loss coef cient is then used to calculate the reservpermeability which
yields =9 10 & Darcy. This permeability value is in fact smaller by a factor
four than the estimate from the gel treatment. One reasorb@d#ye higher pres-
sure difference p = 26 MP a. Nonetheless, in my opinion the following aspect
also has to be taken into account. If proppant is pumped ifitacaure it will be
transported to the uid-invaded zone around the fracturdytes well. As a conse-
quence, it affects uid loss, pressure eld, and hence afsodstimate of reservoir
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Figure 4.7: Cumulative seismic moment versus cumulatiyeted uid volume.
Stages C and D of water treatments were combined to corrdsjpotine same
depth interval as Stage A gel treatment (Rutledge et al4200

permeability using induced seismicity. The water treathweas performed with-
out a signi cant amount of proppant (Table 4.1), which carabeexplanation for
the rather slightly different estimates of reservoir peaibikty. From this estimate
| have calculated a hydraulic diffusivity and compared iatoestimate obtained
fromr t analysis as described in the previous subsection. Also tageSC
seismicity, the comparison yields a good agreement betlwetdmestimates.

Estimate of Fracture Permeability and Conductivity

The back front of induced seismicity (Figure 4.5(f)) praesdfor the hydraulic
diffusivity of the fractured are®y; = 1:8 m?=s, which is smaller compared to
the gel treatment. Despite rather insuf cient statisti€past-treatment seismic-
ity, the presented best t curve is still reasonable. Thetiiee permeability ¢

of approximatelyl Darcy is one order of magnitude lower than the fracture per-
meability of the gel treatment. | suppose that this differers likely to be caused
by the strongly reduced volume of pumped proppant. It resala decline of the
fracture width after shut-in due to missing resistanceragidiorizontal stresses.
Consequently, the fracture permeability will be affectgdtlis closure. A de-
creasing fracture width also affects the dimensionlessudra conductivity (see
Equation 4.10). Keeping this in mind, the here obtainede/@ly = 165 should
be seen as an upper limit only. For completeness, the eftesillbore radius in
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the case of Stage C treatment js= 159 m.

4.4.3 Summary of Results

| have analyzed three stages of hydraulic fracturing in @oittalley. These are
two gel treatments (Stage A, Stage B) and one water treat(feage C) (see
gure section in Appendix for Stage B microseismicity). Tald.2 summarizes
geometric and hydraulic parameters resulting from theiegipbn of the interpre-
tational approach to the induced microearthquakes. We atrertwo interesting
points if we compare the obtained results. Independent erdésign parame-
ters of the treatments, such as treatment uid and inject@nrates, the ratio of
fractured volume and lost uid volume is nearly identicakithconsidered stages.
This nding suggests that rather the uid-loss coef cienthich is to some ex-
tent related to the reservoir permeability, is a signi céattor in the process of
fracturing than the treatment design. But, obviously themability of a frac-
ture is affected by the treatment parameters in two ways. h@rohe hand, the
cross-linked gel has a higher viscosity compared to watgr£ 150 10 3Pas,
water =3 10 3P as(Rutledge et al., 2004)) which results in a larger permeabil
ity (see Equation 4.9). On the other hand, the pumped pra@iso positively
in uences the uid transport properties within the fractar area since it keeps
newly created uid pathways open after shut-in of the in@ct

4.5 Modeling of Fracture Propagation

The inversion of microseismic event data in order to model ¢inowth of
hydraulic fractures is done using the maximum likelihootineation (MLE)

method. The idea behind MLE is to determine the parametatsthximize the
probability, or likelihood, of given data. The method of nmaxm likelihood

is considered to be robust (Hainzl, 2007) and it can be agphptienost models
and different types of data. In addition, MLE provides eéoi methods for
quantifying uncertainty through con dence intervals (Ka@93).

The MLE method is based on the probability density functioDF for each
microseismic data point which is represented by its spatio-temporal position:

PDF = f (X;Cy;Cy; 111 Co); (4.12)
whereCy; Cy; i1 :; C¢ arek unknown constant parameters which needs to be esti-
mated. Then the likelihood function is given by the follogiproduct:

\N
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7

Stage A  Stage B Stage C

A)

Fracture half-length. [m] 400 280 250
Cross-sectio\ [m?] 0:22 Q29 Q13
Fracture widthw [mm] 2:8 36 36
Fracture volumé&/s [m?3] 176 163 65
Fluid loss volumev, [m?] 1164 1090 354
V_, in relation toV, 86 % 87 % 85 %
Fluid-loss coef cientC, [1Z] 52 10° 7.7 10° 46 10°
Reservoir permeability [Darcy] 37 107 44 107 9 108
Fracture diffusivityDp [] 4 0.9 1:8
Fracture permeabilitys [Darcy] 80 20 1
Fracture conductivitfp 2000 890 165
Effective wellbore radius,, [m] 255 178 159

Table 4.2: Summary and comparison of the results that wetaradal by inter-
pretation of fracturing-induced seismicity resultingrfrgel and water treatments
in Carthage Cotton Valley gas eld. Despite different treant parameters, the
ratio of fractured volume and lost uid volume is nearly ideal in both type of
treatments. Differences in the hydraulic characteristicthe two fractures are
likely to be caused by the different mass of pumped proppaugei and water
treatments (see Table 4.1).
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with N being the number of observed microseismic eventsi d&ing the index
of each individual event. The maximum likelihood estimatof parameter€y
are obtained by maximizing. It is mathematically much easier to work with the
logarithm of Equation (4.13) which is the so-called log likeod function:

X
= InL = Inf (Xi; Cq; Co;ii 1 Cy): (4.14)
|

To estimate the paramete@ that describe the fracture growth, it is suf cient
to consider the triggering front given in Equation (4.2). eTrobability that a
microearthquake occurs at poitan then be expressed by the probability density
functionf (x; L (t)). In case of uniformly distributed source locations of ineldic
microearthquakes the probability density function is gitbs:

1
2L(t)
0 else: (4.15)

f(x;L(t))
f(x;L(t))

However, to apply this model the location uncertaintiesehago to be taken into
account. Assuming that those are Gaussian distributed:

fo(X) = exp(2—X22 P (4.16)

if ixj L)

then the probability density function of an event becomes:

f(x;L(t))=0:5 erf (LA%)Z_—X) + erf (LA%);—X) (2L (1) % (4.17)

X

R
with the Gaussian error functiaerf (x) = #= e dt. Thus the following log
likelihood function is obtained:

= In erf (_(B%) + erf (—(By IN(4L(t))  (4.18)
i i i

Using this equation, the set of parameters which controgtioeth of a fracture

can be estimated. In the application to the data, the triggdront equation

for fracturing-induced seismicity, Equation (4.2), is piived to have only two

independent parameters to be maximizedandC,:

t

L(t) = = 4.19

(t) mp—t ( )
where: Ci = 2h¢ W:pQ and

C, = 4hC. 2=Q:
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Figure 4.8. Map view of in-
duced microearthquakes during
Stage A, Stage B and Stage
C treatment (top to bottom).
Grey color denotes complete
set of located events, red color
marks events used in the like-
lihood modeling. The fracture
lines are obtained by linear re-
gression. Epicenters of mi-
croearthquakes have been pro-
jected to the fracture line for
transferring source coordinates
from (X;y;z) to (k;z) system
since it is required by the mod-
eling approach.

Result of Modeling

The modeling of the fracture growth using the likelihood hoet allows to test
the result of the before presented interpretational amprodn a rst step, the
locations of induced microearthquakes are transferreoh fpqy; z) coordinate
system to a newk( z) system. This is done by calculating hypothetical posgion
of the microearthquakes along a fracture line which was iobtaby linear
regression of the original source locations. The corredpmnfracture lines
are shown in Figure 4.8 for the three Stages A, B and C. Theulr@anitiation
time equals the occurrence time of the rst event and onlyesrmof continuous
injection are considered, which means that no post-igacteismicity is used
for modeling. The location errors are set to= 10 and , =5 for all events.

Figure 4.9 illustrates the outcome of modeli@g, C, andh; for the three indi-
vidual fractures. The resulting maximum of the log likeldabfunction (Equation
4.18) yields for the Staglsz A the paramet@s = 0:59 [Q05 2:18]s=m and
C, = 0:26 [025 0:27] s=m, and for the Stage B, = 3:72 [25 4:95]
s=mandC, = 0:31[029 0:33] s=m, respectively. For the Stage C, a water
treatment, both fracture wings are considered separaiéig likelihood based
modeling gives for the left wing the estimated parame@rs 5:2 [203  7:99]
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Figure 4.9: Maximum log-likelihood values for the parametetC,, C, andh; .
Top row: Stage A, middle row: Stage B, and bottom row: Stages@tient.
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Fracture | Width MLE | Width IA | Fluid loss MLE Fluid loss IA

Stage A 2mm 28mm | 80 10 °m=s2 | 5:2 10 °> m=s'
Stage B 3mm 36mm |85 10 ®m=s? | 7.7 10 ® m=s'
Stage C 4 mm 36mm | 6:2 10 >m=s? | 46 10 °>m=s'

Table 4.3: Results of maximum likelihood modeling (MLE) iongparison to
results obtained by the interpretational approach (l1A).

s=mandC, = 0:38 [034 0:42] P s=m. The obtained parameter <&t andC,
for the three fractures is plotted to the corresponding oseismic event clouds
in Figure 4.10. The maximum likelihood fracture heightsaten for each of the
two gel treatments (Stages A and B), &&im for the water treatment (Stage C).

(@) (b)

Figure 4.10:r t diagram of induced
microearthquakes along with triggering
front curve according to Equation 4.19
marked by a solid line. Dashed lines
represent bounds of the con dence in-
terval for parameter€, and C,. (a)
Stage A, (b) Stage B, and (c) Stage C
treatment.

(€)

The modeled values;, C, andh; can be further interpreted by calculating the av-
erage fracture widtlv and the uid-loss coef cientC, using the notations given
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in Equation (4.19). The resulting width and uid loss of theresponding hy-
draulic fractures are summarized in Table 4.3. A compangibh the estimates
obtained using the volume balance principle shows a goattm®nce between
the two different approaches. This agreement con rms thaiegility of the
derived interpretational model for single-planar hydmafractures.

4.6 Fracturing Related Phenomena

4.6.1 Flow Pattern Heterogeneities

So far, we have considered envelopes of induced microsagtymn r  t
diagrams, the triggering and the back front. However, tregisgemporal char-
acteristic of induced microearthquakes also providegimétion on the in uence
of ow pattern heterogeneities on the growth of a fracture &s corresponding
microseismicity. Two different phenomena, the opening pfexexisting fracture
system and the back- ow of the injected uid, can be idend én ther t
diagram of the water treatment Stage E (Figure 4.11(b)). dibservations are
explained by the following considerations. The treatmenitd ows over a
pre-existing, thin aseismic channel to a natural weakned$sactured zone at a
distance of abou250m east of the treatment well (Figure 4.11). The forced uid
is opening a fracture in this zone mainly in a direction awanT the treatment
well, but also in a direction towards the well. This will be raantuitive by
assuming the microearthquake that occurred rst in thisorego be the location
of a secondary injection source (Figure 4.11(a)). Now,ese@nting the induced
microearthquakes which belong to this cluster in a sepataeetionalr t
diagram indicates that the microseismicity, and hencertjeeted uid, migrates
in both directions from the assumed secondary uid sourdguiie 4.11(c)).
Interestingly, a clear intensi cation of the ow in direcn back to the treatment
well can be observed after the injection is stopped. The-taslappears to be
generated by some manner of “air balloon” effect. It is cdusgan increase of
the pressure gradient directed towards the treatment nesili injection rate and,
consequently, a pressure drop at the perforated injectehbat remaining high
pressures in the fracture. This developing pressure gratheces the uid to
ow back in the direction of the treatment well.

A slightly different phenomenon can be observed in gel tnesit Stage B. Figure
4.12(b) clearly demonstrates that part of the microseigwénts migrate also in
a direction back to the borehole. Note, that the propagatitwackward direction
occurs here during the injection period as well as after itgation of the injec-
tion. These events occur within a fracture off-trend clustat accounts for about
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(@)

(b)

(c)

Figure 4.11: (a) Map view of induced microearthquakes irg&t water treat-
ment. The red point marks the rst triggered event within &eré cluster in a
distance of 250m east of the injection well (star). () t diagram of Stage E
seismicity. (c) Directionat t diagram of the event cluster, dashed line denotes
uid ow rate. Note, that after shut-in seismicity migratéswards the treatment

well.
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(@)

(b)

Figure 4.12: (a) Map view of induced microearthquakes iigSta gel treatment.
Shown are the rst 3h of the treatment only. (b) Correspogdin t diagram,
dashed line denotes uid ow rate. Note, that most of seistgioccurs in a
natural fracture system which intersects the hydraulicténa trajectory. In the
r tdiagram, these events migrate towards the treatment well.

40% of detected events in Stage B (Rutledge et al., 2004). Thenséhat the
injected uid opens a pre-existing fracture which intertsatie hydraulic fracture
trajectory. Because both Stage E and Stage B treatmentspsgigemed in the
same sand horizon, the observed characteristics of indnadseismicity likely
re ects the in uence of a more heterogeneous natural freciystem compared
to the targeted sand layers in Stage A and Stage C treatments.

4.6.2 Kaiser Effect Breakdown

Several studies of microseismic and acoustic emission ¢ksrsubjected to
cyclic mechanical loading and unloading by applying st@sy borehole uid
injections (Lockner, 1998; Zoback and Harjes, 1997; Zangl.et2000; Baisch
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Figure 4.13: Sketch illustrating the principle of the Kais#ect which is an ex-
pression of memorized stress history of rocks or matenmadgeneral. If a sample
is exposed to a cyclic load, it emits acoustic waves only difte load peak value
in preceeding cycles is exceeded. A violation or a breakdofthe Kaiser effect
is termed felicity effect where acoustic respectively setsemission appears at a
lower load value.
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et al., 2002) indicate existence of the Kaiser effect. It bancharacterized by
the absence of detectable seismic or acoustic emissiortsewdrile the load
imposed on the rock is lower then the previous applied loagith& former peak
value of stress is exceeded, the seismic or acoustic emissitvity increases
dramatically (Figure 4.13). The Kaiser effect was rst ob&zl in metals by
Kaiser (Kaiser, 1950); investigations in geoscience wese reported in the end
of 1970's (Tanimoto et al., 1978; Kurita and Fuji, 1979). Betty, an interesting
example of the presence of the Kaiser effect by uid injextiavas reported by
Baisch et al. (2009). The authors investigated microeaekes that were induced
during a reservoir stimulation in Cooper Basin, AustraliaSeptember 2005.
They found that seismic activity starts at several pos#tianthe outer boundary
of the seismically active volume of a stimulation in Decem®@03 (Baisch et al.,
2006) and, with ongoing injection, migrates in both dirent toward and away
from the injection well. In particular, only few microeagakes are located
close to the injection well which is surrounded by large zohgeismic inactivity
(see Figure 4 and 5 in Baisch et al. (2009)).

In case of fracturing-induced microseismicity, in partaun the here considered
Cotton Valley data set, both violation as well as existencéhe Kaiser effect
can be identi ed from the microseismic data. In the follogjr will describe
the observations and try to give explanations for this phegrmwn. At rst, the
cumulative number of microearthquakes induced duringrgakinent Stage A is
considered. One can notice from Figure 4.14 that the cumalatent number
continuously increases during the rst approximately i of uid injection
which means during the rst injection cycle. In this time jzet, the bottom hole
pressure mainly decreases. Further, the cumulative nuaibreicroearthquakes
continues its increase during the second injection cyatee(period of injection
is approximately 25nin, starting at about 3fin after begin of the treatment),
in spite of the fact that the bottom hole pressure is agaimiydiecreasing. Note
also that the pressure level in this injection cycle, inclgdits peak value, is
slightly smaller than in the previous cycle. Finally, therauative event number
is again increasing immediately with the begin of the thingection cycle (at
about 3h) again by a pressure level smaller than the maximum levelshex
in the rst and second injection cycle. This is in contradat with the Kaiser
effect - the cumulative number of microearthquakes cowotisly increases
during extensive time periods where the bottom hole presawas lower than
the maximum pressures in the previous loading cycle. Vernyjlar features can
be seen in the microseismic data of gel treatment Stage B hsasven water
treatment Stage C (see Appendix, Figure A.4 and Figure A.5).

Let us now have a closer look to the phenomenon of a lackingefaffect and
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Figure 4.14: (Top) Cumulative number of microearthquakég\() induced in
Stage A gel treatment as function of bottom hole pressureit¢B) Hydraulic
treatment data (dashed line: ow rate, solid line: bottontehgressure) of Stage
A gel treatment. Numbers 2 and 3 show the same time momentstn dgures.
They mark starting points of an injection cycle.
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its relation to the growth processes of a hydraulic fracamd to the dynamics
of induced microearthquakes. The fracture reopening phaserespond to
similar patterns of the pressure behavior: rstly, a quicicrease and then
a gradual decrease of the bottom hole pressure. Microsstgnsitill occurs
during complete injection cycles. Even more, locations afroearthquakes map
very well reopening of the fracture. Figure 4.15 shows hmnial projections
of the locations of microseismic events which occurred ryropening and
reopening phases (that are periods of a quasi-linear waivtgp). It is evident
that microseismicity happens roughly in same places. On¢hsaefore conclude
that fracture reopening phases are characterized by tlcayfaffect, or in other
words, by absence of the Kaiser effect. Obviously, Figude 4demonstrates
the violation of the Kaiser effect rather on a global levehielh means in the
hydraulically fractured domain as a whole. Due to a limitedgsion of event
localization (location errors are abdut 10m) one can not insist that the Kaiser
effect is also violated on a local level, i.e., that locat@i events exactly match
the same locations where microseismic activity has beeradyr registered in
previous loading cycles. However, it is still surprisingatithere are seismic
events activated in different loading cycles and locatey wtosely from each
other.

Nevertheless, it is known that the Kaiser effect is also nkeskby uid injections
(Lockner, 1998; Zang et al., 2000; Backers et al., 2005; @aist al., 2009)
and in fact, its signatures are present in the Cotton Valléyraseismic data
as well. Let us consider microearthquakes induced immelgiatfter the stop
of an injection cycle. In this situations, microseismiciigcomes signi cantly
reduced on long distances from the borehole with ongoing.tiHowever, at the
same time microseismicity becomes very improbable on shsténces from the
borehole. The second effect, which is less obvious, is @xgdawith the concept
of back front of induced seismicity (see Chapter 2.4). Theterce of the back
front is in agreement with the Kaiser effect: Negative parespure changes are
not triggering microseismicity. As it was shown before, Haek front signature
is clearly observable in the t diagrams of induced microearthquakes for the
three treatments under consideration (see Figure 4.5¢)re=4.5(f) and Figure
A.3in Appendix).

To summarize, the observation results in the conclusionttieaKaiser effect is
absent by reopening of a fracture but it is present afterasitapuid injection. The

guestion arises, how to explain such a contrasting beha¥iwacturing-induced
microseismicity? The following scheme is proposed. Aftst@p of an injection
cycle the uid pressure load on the fracture walls graduakyishes in a slow,
quasi-diffusional process as supported by the back fragmasure of microseis-
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Figure 4.15: Plane view of source locations of microearétkgs which occurred
during opening/reopening phases of the hydraulic frastufeom top to bottom:
Stage A gel treatment, Stage B gel treatment and Stage C ineément.
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micity. Consequently, the fracture surface gradually esohich is assumed to
be a mainly aseismic process. During a uid pressure relgaa flollowing injec-
tion cycle reopening of the hydraulic fracture takes plaoe the fracture surface
consequently expands. This reopening is a quick, quasatiwith time process.
The separation of the fracture walls can cause a kind of 'Ingoboise” via shear
slip events. Such a mechanism is quite identic to mechartisatsare known in
material sciences by reopening of tensile defects (TeQS¢¥ R

Furthermore, a diffusion-like pressure penetration bettine fracture walls can
additionally trigger microearthquakes during the phagesapening of the frac-
ture. Especially, if the medium is strongly hydraulicallgterogeneous then even
on a local scale microseismic events can continue to occadj@cent positions
by a cyclic diffusion-like load. In such a situation, the p@ressure perturbation
in some part of the rock can further increase although iteBswes close to the
borehole as indicated by the measurements of bottom hodsyme

4.7 Summary and Conclusions

In this chapter, the focus was on microseismicity which ktesiiom hydraulic
fracturing. To apply a seismicity based reservoir charaagon | have pre-
sented an interpretational approach for single-pladfr) (hydraulic fractures.
One of the fundamental aspects of the proposed approache iartalysis of
spatio-temporal dynamics of induced microearthquakess évident from the
Cotton Valley data that the space-time diagrams ¢ diagram) show signatures
of fracture volume growth, loss of treatment uid, and d#fan of injection
induced pore pressure perturbations within the fractui faom the fracture
walls into the surrounding formation. The interpretatidnemvelopes of the
spatio-temporal distribution of fracturing-induced seisity allows to determine
geometrical parameters as well as hydraulic characiesisti the fracture. By
assuming a conservation of the injected uid volume, uidrisport properties of
the virgin reservoir can additionally be estimated. Thernptetational approach
uses the following work ow. Firstly, the volume of the newtyeated hydraulic
fracture can be estimated from the induced microseismibigxt, the volume of
treatment uid which was lost into formation by lItration tbugh the fracture
walls can be computed. Knowing the uid loss, one can de nevrgin reservoir
permeability. Additionally, an apparent diffusivity dedxng the uid leakage
process can be calculated and compared with the microsedata for a rough
quality control. Finally, the back front of induced seisity@ives an estimate of
fracture permeability. | have applied the proposed apgréaenicroearthquakes
induced by several stages of hydraulic fracturing in a tgg reservoir. A
comparison of microseismicity from gel and water treatraestiows that the
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fracturing resulted in similar fracture characteristid&he ratio of new fracture
volume to the total injected volume is nearly identical i tifiree considered
treatments. | therefore conclude that the fracture growttess is decoupled
from the type of treatment. This is con rmed by comparing thkeased seismic
energy as function of the cumulative injected volume. Femrtiore, it is evident
that permeability of the fractures is in uenced by the amiafrpumped proppant
which keeps the fracture open after shut-in of the injectitm verify the results

of fracture geometry and uid loss | have performed a modglif the fracture

propagation using the maximum likelihood method. It yidideture widths and

uid-loss coef cients which well agree with before obtaiendings. Hence the

applicability of the interpretational approach is suppdrby the independently
performed maximum likelihood modeling.

In the last part of this chapter, | have brie y discussed s@menomena which are
observed in the Cotton Valley data set. On the one hand, deros heterogenous
ow patterns whose signatures are also present in the dycsaafimicroseismic-
ity. These signatures provide information about intematgiof the pressurized
uid with the pre-existing fracture system. The heterogédas can be explained
by the orientation of pre-existing natural fractures irpess to the hydraulic frac-
ture trajectory, and by pressure gradients within the tna&cafter termination of
the injection.

On the other hand, a breakdown of the Kaiser effect is foundeiosile in-situ
hydraulic fracturing experiments. Such experiments witlyelic load (uid in-
jection) and simultaneous microseismic monitoring aréequinique which is pos-
sibly a reason why such a phenomenon has not been reporteé bieiterestingly,
such a violation of the Kaiser effect for tensile fracturohge to hydraulic forcing
on rocks is similar to the violation of the Kaiser effect iretbase of shear fault-
ing by seismogenic processes, such as subduction eardgjulaérge patches of
the Wadati-Benioff zone indeed stay seismically activebeénd after the occur-
rence of big earthquakes during many cycles of correspgrdictonical loading.
This analogy demonstrates that a violation of the Kaiseoefhight indicate cre-
ation and further development of new contacting surfaceasdk like fractures,
ssures and joints, and thus, it is possibly a common featfractive faulting
processes.



Chapter 5

Magnitudes of Fluid-Induced
Seismicity

Fluid-induced microearthquakes are to some extent inténole hydraulic
fracturing and hydraulic stimulation operations. The sggsactivity related to
these injections had occasionally not been considered agaac The hydraulic
stimulation of the Basel geothermal reservoir in 2006, hatecaused several
signi cant events which were felt by the community (Majeradt, 2007; Haring
et al., 2008). The occurrence of these microearthquaketetids the awareness
that a more in-depth knowledge of seismic risk associated wid injections
is required. Understanding of the characteristics of e@dke magnitudes is the
starting point for an evaluation and nally a mitigation abential seismic risk.

In this chapter, | will introduce a statistical model whiabsdribes the distribution
of magnitudes of uid-induced seismicity. Since the cuntivia injective uid
mass can be considered as a key parameter, it is indeperfdet-bnear uid-
rock interactions such as a pressure-dependent permabilimeans that the
presented formalism is valid for seismicity resulting frogdraulic fracturing as
well as from hydraulic stimulation. Moreover, it gives ars®/to the controlling
factors of the magnitude distribution and how one can rediiegrobability of
inducing microearthquakes characterized by a signi caatymtude.
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5.1 Theoretical Model of Magnitude Distribution of
Fluid-Induced Seismicity

The fundamental ideas that resulted in the theoreticalemimroposed by Shapiro
et al. (2007) can be divided into two parts. First, the praiigbof a uid-
induced microearthquake having a magnitude larger thavengnagnitude is
an increasing function of the overall event number. Seggritle authors hy-
pothesize that magnitudes of uid-induced seismicitydalla Gutenberg-Richter
statistics. It means that the frequency-magnitude digiob is in accordance
with the Gutenberg-Richter scaling law (Gutenberg and Rigl1954). In the fol-
lowing, | will comment on these ideas and their consequefarde statistics of
magnitude distribution of uid-induced microearthquakes

Cumulative number of induced microearthquakes

Let me begin with revisiting the statistical model for delsicrg the occurrence
of seismicity during uid injections which was introduced Chapter 3. The
cumulative number of microearthquakes resulting from a uijection can be
obtained from this model. For simplicity, a point-like iojen pressure source of
constant strength is rstly considered. It is assumed thatitydraulic diffusivity
is homogeneously distributed in an in nite, permeable,qus medium. The
injection-induced pressure relaxation alters the poreque in the pore space
and hence modi es the effective normal stress. It is furthesumed that a
random set of non-interacting, pre-existing fractureshwiblume concentration
is statistically homogeneous distributed in the mediumchEaf the fractures
is characterized by a critical pore pressure value nece$sathe occurrence of
a slip event along the fracture in accordance with the Cobléemure criterion
(Scholz, 2002). The critical pore pressure are randomigcsedl from a uniform
distribution between a minimum valu&,,,, and a maximum valueCax .
Cmin andCpax address most unstable and most stable fractyres, resggcitv
fracture locationr = (x;y;z) (and de ned by its distance = = x2 + y2+ 22
to the source point) will now become the hypocenter of a nearthquake with
occurrence timd,g, if the pore pressure perturbatiqr;t) exceeds the local
value of critical pressure at timg. It is assumed that once a microearthquake
occurred at a certain fracture location, then no furthethg@iakes are possible at
this position. This condition is due to the observation tieaharging of fractures
to a near-critical state takes longer than the diffusi@e-lielaxation of a pore
pressure perturbation (Shapiro et al., 2007).

These preliminary considerations lead to the following. eTprobability
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P (Ev;¥;t) that an earthquake occurs at a given fracture locatiand until the
time t is equal to the probability that the critical pore pressur@asition+ is
lower than or equal to the maximum pore pressure perturbatached at this
position until timet. It means, the probability iB(C(¥)  max(p(r;t))). With
the condition of non-decreasing injection pressures oOfeid

Z pirt)
P(Ev;¥t) = f (C)dC; (5.1)
Chin
wheref (C) is the probability density functiorP(DF ) of critical pressure€(¥)
of pre-existing fractures. If a uniformly distributed dcility eld is assumed,
then theP DF of critical pressures is given as:

1 1
Cmax Cmin Cmax .
The latter, approximated term in this equation takes intmant the observation
thatCnax is generally several orders of magnitude larger t6gp which hence
becomes vanishing small. With the assumption that the maxiroriticality is
larger than the pore pressure perturbation (excluding ¢img wear borehole area)
and the minimum criticality equals zero (the so-called iexiee case (Langen-
bruch and Shapiro, 2010)), then Equation (5.1) yields ferghrthquake proba-
bility a direct proportionality to the pore pressure peoation:

f(C) =

(5.2)

p(rt) _ %
Cmax 4 D rC max
The total number of microearthquakegt) induced in the time intervdD; t) can

now be obtained by multiplying the event probability witretfracture volume
concentration, and spatial integration of the product:

P(Ev;*t) =

.
erffc p—— 53
4Dt (®-3)

Z
% 1 r 3
N(t) = - erfc p—— d°r
® 4DC max, vV r 4Dt
% ! ry
= r erfc p—— dr
DCmaX 0 4Dt
Ot
= : 54
Cmax ( )

One can notice from this equation that the cumulative nunalbewnid-induced
microearthquakes grows linearly with time with constariergy = 4 Da opo
(see Chapter 3.2.1, and Rothert and Shapiro, 2007) in caae iofjection with
constant injection pressupg.
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If the injection pressure during a uid injection is not caast over time but lin-
early increasing with time, then Equation (5.4) changes¢e @lso Chapter 3.2.2
and Chapter 3.2.3, assumigg=0):

_ g t?

N (t) c (5.5)
with g being a constant rate of source strength increase duriegtiap. Note
that in both cases, that are the condition of constant asagethe condition of
non-constant injection pressures, possible nonlineal-raick interactions are not
taken into consideration. A more general formalism hasioee been derived by
Shapiro and Dinske (2009b) which is valid for any kind of noeérities in the in-
terdependence of injected uid and rock mass. It uses the agintinuity equation
which is an expression of the conservation of uid mass (Seag@er 2.3, Equation
(2.9)). With this principle, it can be found that the numbé&nocroearthquakes
N (t) induced during a uid injection is proportional to the injed uid mass
m(t), respectively proportional to the injected uid volurive if a constant uid
density is assumed (Shapiro and Dinske, 2009b):

me(t) _ V()

N(t) = = ; 5.6
whereS = 2 Miy + 1Kdry + % < s a poroelastic compliance

de ned by the bulk moduli of dry rock, grain material and upghaseK 4y, Ks,
K¢, the P-wave modulus of dry rodd 4, , porosity , and Biot coef cient .

Magnitudes statistics of uid-induced microearthquakes

The question arises, how one can now specify the magnituedeldition of in-
duced microearthquakes. To determine the probability & event having a
magnitude larger than or equal to a given one during the timerval (0;t),
P(Ev; M Mg;t), it is supposed that magnitudes of uid-induced seismicity
follow a Gutenberg-Richter type statistics constant inetimit means that the
frequency-magnitude distribution of induced microeautdices is in accordance
with the Gutenberg-Richter scaling law (Gutenberg and ®icil1954). It relates
the magnitude and the number of earthquakes of at least thgmitnde in any
given region and time period. Precisely, the logarithm ahber of earthquakes
having a magnitude larger than magnitudg is equal toa bMy wherea and

b are constants. The value describes the earthquake productivity whereas the
b value is the ratio of small to large events. This assumpiwoogides the follow-
ing equation system. The product of the cumulative numbeniofoearthquakes
(Equations (5.4), (5.5), and (5.6)) with the probabiRYEV;M  Mg;t) yields
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the cumulative number of events with a magnitude larger tragual to a given
magnitudeM, (Shapiro et al., 2007):

Nm wmo(t) = P(EV;M  Mg;t) N(t): (5.7)
Introducing a Gutenberg-Richter type statistics, that is:

P(Ev:M  Mg;t) = 102 PMo: (5.8)

results in the following expressions:

t
for constant source strengtfNy v, (t) St 107 PMo. (5.9)

Cmax
t2
for increasing source strengtiNy v, (t) = Cé— 10 PMo.  (5,10)
max
for ini ; . — \/I (t) bMo .
jected uid volume: Ny v, (t) = 10 ; (5.11)
Cmax S
respectively, in logarithmic scale:
_ % :
log Ny wm,(t) = log + logt+a bMy; (5.12)
max
log Ny wm,(t) = log 4 +2logt+a bMyp; (5.13)
Cmax
Vi (t
logNy wm,(t) = log M, b Mo: (5.14)
Cmax S

The ratio €m< has been introduced as a new quantity, the tectonic pokentia
F: (Shapiro et al., 2007). It is de ned by two seismotectonicgpaeters of an
injection site. One of the parameters is the maximum ctitic&,ox which is
the upper limit of critical pore pressures of pre-existingcfures. The second
one is the volume concentratiorof pre-existing fractures. The tectonic potential
has critical implications for the microseismic activityelto an injection. If, for
instance, injection ow rate and poroelastic compliance assumed to be equal
at two injection sites but the locations are characterizga lolifferent tectonic
potential, then the location with a lower tectonic potentiéll experience a
higher rate of seismicity. It means that the larger the t@ctpotential the more
efforts are necessary to induce microseismicity.

The Equations (5.12) - (5.14) describe the distribution afgmtudes of uid-
induced seismicity. They also clarify which parameterstagrthe statistics of
magnitudes. Let me therefore brie y discuss the signi cat the result.
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On the one hand, the presented equations allow for spegithia evolution and
distribution of earthquake magnitudes by uid injectiof@ne can notice that the
probability of inducing a microearthquake with a signi ¢anagnitude increases
with injection time and with injection source strength @ajion pressures). In
volume domain, this occurrence probability increases wijiacted uid volume
(cumulative uid mass). The cumulative number of earthcesalith a magnitude
larger than or equal to a given magnitude and the injectioatchn respectively
the cumulative injected uid volume are linearly relateddouble logarithmic
scale. For the condition of constant source strength, tbpgstionality factor
between quantitieldgNy v, (t) andlogtis equal to one, whereas it is equal to
two for the condition of linearly increasing source strdngtf the statistics of
magnitudes is considered in volume domain, then the prapatity coef cient
is always equal to one. It is also evident from Equations2p-1(5.14) that
curves of functionogNy w,(t) for different magnitudedl, are parallel in a
bilogarithmic plot.

Equations (5.12) - (5.14) also provide an additional mettmdietermine the
b value. Assuming that the logarithm of cumulative numbermsasthquakes with

a magnitude larger than a given magnitude are considerdd/éoarbitrary mag-
nitudesM; andMj.; . Application of either Equation (5.12), Equation (5.13) or
Equation (5.14) gives the following formulation for the value:

|Og Nm M, (t) +b M; IOg Nm M1 (t) +b Mi 1 (515)

|Og Nm Mi(t) |Og Nm M1 (t) = bMi+1 bM,
b = logNy wm,(t) 1ogNw ., (1)
Misa M '

On the other hand, the parameters that de ne the size andbdisbn of earth-
guakes magnitudes by uid injections can be identi ed fromuations (5.12) -
(5.14). As mentioned before, injection engineering patanse such as injection
duration, injection pressures, or injection uid volumeg@ne part of magnitude-
controlling factors. The second group of parameters aeesgieci ¢ characteris-
tics of the reservoir-building rock and fracture systemedisely, these are seis-
motectonic parameters, such as Gutenberg-Riehteandb value, and the tec-
tonic potentialF;. They also include hydraulic diffusivity (vigp andq) or the
poroelastic compliance. For the assessment of seismicasshting from a uid
injection knowledge of the site-speci ¢ seismotectonicgraeters is required. It
can be achieved by estimating these quantities from a $tort-uid injection
test prior to a long-term injection of large uid volumes.
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5.2 Magnitude Distributions of Basel and Cotton
Valley Data Catalogs

In the following, | will illustrate the before described cderations and the
derived formalism for two case studies. Fluid-induced wseismicity from
the Basel geothermal reservoir stimulation and from hyldrdracturing in the
Cotton Valley hydrocarbon reservoir are presented.

Figure 5.1: Distribution of moment magnitudes of microkgutakes induced dur-
ing injection in the Basel geothermal reservoir as functbtime (top) and as
function of cumulative injected uid volume (bottom). Notieat for non-constant
increasing uid ow rates the observed heterogeneous iistion of magnitudes
in time domain becomes homogeneous if considered in voluomedh.
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The temporal evolution of moment magnitudes of induced osarthquakes is
shownin Figure 5.1. If earthquake magnitudes are plottéaration of time, then
they are heterogeneously distributed (Fig. 5.1(top))sHaterogeneity is due to
the applied non-constant injection ow rate. The distribntbecomes more ho-
mogeneous, however, if the injected uid volume is consadigf=ig. 5.1(bottom)).
This homogenization is supported by Equation (5.6) whiakestthat the number
of microearthquakes increases proportional with the tegauid volume.

10,000

b-value 1.65 ‘

Figure 5.2: Frequency-
magnitude  distribution  of
microearthquakes induced
during injection in the Basel
geothermal reservoir. The
uid-induced seismicity clearly
obeys a Gutenberg-Richter
statistics.  Gutenberg-Richter
b value is 1.65 (obtained by
linear regression).
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Figure 5.2 shows the frequency-magnitude distribution aéd$ seismicity. The
logarithm of the number of events having a magnitilelarger than or equal
to a given magnitud®, is linearly proportional to the given magnitude. Thus,
it con rms the assumption that uid-induced seismicity gisethe Gutenberg-
Richter scaling law, that i$opgNy wm, = @ b M. Interestingly, thd value of
Gutenberg-Richter is 1:65and hence higher than typichl values of natural
seismicity which are of the order df.0. Compared to natural seismicity, it
means that larger magnitude earthquakes are underrefgésencase of the
hydraulic stimulation in Basel. To study whether thevalue is constant during
injection, the frequency-magnitude distribution is ewaéd for several time steps
of the injection period. If the frequency-magnitude distition is plotted for
each consecutivéa000m? of injected uid separately, then temporal changes
of the statistical magnitude distribution become eviddngyre 5.3(left)). In
this case, thé value of Gutenberg-Richter is highest during injectioreraal
3000 4000m3 (b  2) and lowest for seismicity occurring during the last
injection intervall0;000 11;000m?3 (b = 1:2). It is a reasonable observation
since larger magnitude earthquakes increasingly occuwieser to the end of
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Figure 5.3: (Left) Frequency-magnitude distributions atmearthquakes in-
duced during injection in the Basel geothermal reservattetl for differentially
injected uid volume. Changes in the magnitude distribatigith injected vol-
ume are obvious. (Right) Estimation of highest and loviestalue in case of

differential analysis of frequency-magnitude distributi

injection. An explanation for the observed decreasingalue over time could be
the increasingly stimulated reservoir volume allowing $bear slip along larger
fracture planes.

Equation (5.13) predicts a linear relation with a constawjpprtionality factor
two for the logarithm of the number of events having magretdd larger
than or equal to a given magnitudé, and the logarithm of injection time.

Such a bilogarithmic diagram is illustrated in Figure 5.sheTprediction of the
equation is in accordance with the observations from BaHelhe analysis is
considered in the volume domain, then the relation betweg(Ny u,) and
log(V,) is satis ed by a proportionality factor one (compare withuatjon (5.14)).

The magnitudes of microseismicity induced in Cotton Valke evaluated
in the same way. Here the idea is to show that the charaatsrist magni-

tude distribution of fracturing-induced seismicity areemdical to the one of
stimulation-induced seismicity. This similarity wouldrcom the global validity

of the derived concept for any kind of uid-induced seisnycindependent of
the type of uid-rock interaction. The temporal evolutioh microearthquakes
moment magnitudes induced in two gel treatments, Stage ASaage B, and
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Figure 5.4: Cumulative number of microearthquakes havimggnitudeM larger
than or equal to magnitudd, (Nw w,) induced during injection as function of
time (left) and as function of cumulative injected uid vahe (right) in double
logarithmic scale. Dotted line is shown for convenience lasl slope two (time
domain) and slope one (volume domain) illustrating thedim@oportionality be-
tween the two quantities in double logarithmic scale.

one water treatment, Stage C, are presented in Figure 5.5 trEatments
were performed using constant injection ow rates resgltin nearly constant
injection pressures. Therefore the three magnitudeshiisibns are only shown
in time domain.

In the following, only microearthquakes that were inducediy the main
treatments of the three stages (see hydraulic treatmeat idaChapter 4.4,
Fig. 4.4, and Appendix, Fig. A.2) are considered. The fregyemagnitude
distributions of microearthquakes are shown in Figurel&itj( One can clearly
notice from the gure that the distributions obey the GutergsRichter scaling
law, but theb values are higher in the case of hydraulic fracturing comregbar
to hydraulic stimulation. Here they are of the orderbof 2:7 (gel treatment
Stage A),b = 2:2 (gel treatment Stage B) aril= 4:6 (water treatment Stage
C). These high values dfre ect the almost complete absence of larger events.
Additionally, magnitudes of fracturing-induced seisrtydiend to be limited to a
narrow band.

Finally, bilogarithmic plots of the cumulative number olesis having magnitude
M larger than or equal to a given magnitldg as functions of injection timefor
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Figure 5.5: Distribution of moment magnitudes of microkgutakes induced dur-
ing hydraulic fracturing in Carthage Cotton Valley gas reeg as function of
time. (Top) gel treatment Stage A, (middle) gel treatmeag8tB, (bottom) water

treatment Stage C.
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the three treatment stages are presented in Figure 5.§(riphdouble logarith-
mic scale, both quantities obey the predicted linear @attith a proportionality
factor one in accordance with Equation (5.12ftér 20 30min).

5.3 Summary and Conclusions

In this chapter, the focus was the evaluation of size andilligion of earthquake
magnitudes resulting from uid injections. | have introdtt a model for
describing the statistical distribution of magnitudes.slwalid for co-injection
seismicity induced during time periods of non-decreasimgree strength. The
model is based on two main assumptions. First, the prolabflia uid-induced
microearthquake having a magnitude larger than or equagteesn magnitude is
an increasing function of the total number of induced miartgguakes. Second,
the frequency distribution of magnitudes of uid-inducedisnicity follows
the Gutenberg-Richter scaling law. Using these assungtiarformalism has
been derived. On the one hand, it well explains the obsemnatirom injection
experiments. Furthermore, this formalism allows to dgtiish the controlling
parameters of magnitudes of uid-induced microearthgsakalthough | have
presented this formalism for the conditions of linear difin, constant and
linearly increasing injection source pressures, a moresig¢rformulation is
provided if the cumulative injected uid mass / uid volums considered. The
formalism is then independent of possible non-linearitreshe interaction of
the injected uid with the reservoir rock (such as in case mgsure-dependent
permeability).

Identifying the parameters that de ne the magnitude andréquency is a key
point for evaluating the seismic risk by uid injections. Amg the injected uid
mass, other parameters that control the magnitude distiibof uid-induced
seismicity are of seismotectonic nature. It means thatethmmrameters are
site-speci c. They include Gutenberg-Richtar andb value as well as the
tectonic potential which is de ned by characteristics oéq@xisting fractures. It
expresses the ratio of the maximum of critical pressurestheefracture volume
concentration. By comparing the magnitude distributioos tiwo different
injection locations, the following conclusions can be dnaw Hydrocarbon
reservoirs, particularly the Cotton Valley tight-gas mesé, are characterized by
highb values. It means, also in consideration of the small uidwok required
in fracturing operations, that microearthquakes with anistgnt magnitude
are less likely to occur. However, it likewise means that igrs& monitoring
system at such locations has to have a high level of sengitiviorder to detect
the induced microearthquakes and hence to capture as mimimation as
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Figure 5.6: (Left) Frequency-magnitude distributions atmearthquakes in-
duced during main treatments. Magnitudes of fracturirditoed seismicity also
obeys Gutenberg-Richter scaling, but shows higher b-gatoenpared to uid-
induced seismicity in geothermal reservoirs. (Right) Clative number of mi-
croearthquakes having a magnitulle larger than or equal to magnitudés,
(Nm m,) induced during main treatments as functions of time in d®ildparith-
mic scale. Dotted line is shown for convenience and has siogeillustrating
the linear proportionality between the two quantities imble logarithmic scale.
(Top) gel treatment Stage A, (middle) gel treatment Stagb&tom) water treat-
ment Stage C.
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possible. In contrast to hydrocarbon reservoirs, uid atiens which are aimed
to develop geothermal systems have caused noticeableqeakds at several
locations (see e.g. Majer et al., 2007). These observatamsgain be explained
by applying the presented formalism. It was found that irduseismicity from
the geothermal reservoir in Basel is characterized by ardwealue compared
to the Cotton Valley hydrocarbon reservoir. In additionrehéheb value is
decreasing with ongoing injection which is likely causedégctivation of larger
fracture planes due to increasingly stimulated resenalirme.



Chapter 6

Summary and Perspectives

The thesis was aimed to further develop the seismicity besstvoir characteri-
zation approachSBRQ. In general SBRCis applied to microearthquakes result-
ing from uid injections into the subsurface which are caediout for a diversity
of reasons. It hereby allows rstly to estimate the uid4tisport properties of
hydraulically treated reservoir rock, secondly to exanthm interactions of in-
jected uid and rock, and thirdly to characterize pre-exigtfracture networks
and fault zones within the reservoir. Th3RChas substantially contributed to
the present understanding of physical processes that latede¢o uid-induced
seismicity. To extend the applicability &BRCthe following topics have been
addressed in this thesis.

Seismicity resulting from time-dependent injection soure
strength

The deterministicSBRCmethods so far assumed a constant source strength of
a uid injection. This condition, however, is not always giv by injection ex-
periments. In Chapter {BRChas been extended to consider uid injections
where the strength of the source is linearly increasing witte. This special
condition required in a rst step the derivation of an analgt solution of the
diffusion equation since an appropriate solution can notoomd in literature.
The derived analytical solution and the resulting expessifor seismicity rate
and cumulative number of microearthquakes have been ncatigriveri ed us-

ing nite element modeling and synthetically generatedssecity. Afterwards,
application ofSBRCto the catalog of uid-induced earthquakes recorded in Base
was presented providing consistent estimates of uid fpansproperties of the
stimulated geothermal reservoir. Furthermore, criticqalspures of induced mi-
croearthquakes were determined using numerical modehdgtlzeir statistical
distribution was reconstructed.
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Seismicity resulting from hydraulic fracturing in tight-g as reser-
VOIrs

If a uid injection is aimed to create a hydraulic fracturbgh the assumption of
linear diffusion of pore pressure perturbations as the gorng process of seis-
micity triggering is violated. The opening of newly fractdrvolume results in a
sudden, strong increase in rock permeability. Conseqyehd injected uid can
be faster transported to the regions of fracture tip. It al&ans that permeability
becomes pressure-dependent and, thus, the diffusionggrbeeomes non-linear.
For such situations, following two problems pose. On thelweed, a theoretical
construct to physically describe the triggering of fractgrinduced seismicity in
terms of non-linear diffusion was not existing. On the othand, an interpreta-
tional model for this type of seismicity in order to deriveiditransport properties
was not available. Both problems have been addressed ihelsest In Chapter
2.3, a general formulation of the diffusion equation wasprged which enables
a description of seismicity triggering resulting from simpydraulic stimulation
as well as from complex hydraulic fracturing. In Chapter A,ag@proach was
proposed to interprete seismicity related to single-pldnaraulic fractures in
terms of SBRC The model was applied to catalogs of fracturing-induced mi
croearthquakes recorded during three fracturing stageéleirCarthage Cotton
Valley gas reservoir. The obtained results which include,ifistance, fracture
width and uid-loss coef cient, are in agreement with resufrom independently
performed maximum likelihood modeling.

Scaling relations of uid-induced earthquake magnitudes

Fluid injections into the subsurface can sometimes indacthquakes that have
a signi cant magnitude. In particular, seismic events wétger magnitudes are
reported from injection operations in geothermal envirenin Since geothermal
energy recovery is considered as an energy source of longitereasing de-
mand, understanding of the statistics of magnitudes of-iniduced seismicity is
of essential importance. In Chapter 5, a theoretical mo@el wtroduced which
describes the distribution of magnitudes of microeartkgaanduced during in-
jection. The model combines a Gutenberg-Richter stasisgtianagnitude prob-
ability with the cumulative number of induced microeartages. Magnitudes
catalogs of microseismicity resulting from both hydrawgionulation as well as
hydraulic fracturing are in accordance with this model. didition, the presented
model allows to identify controlling parameters of the dizgition of magnitudes
and, thus, to develop strategies for a mitigation of posssglismic risk related
to uid injections. On the one hand, it is the injected uid e, precisely the
injected uid mass, which is a man-made, and hence a coatlalparameter. On
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the other hand, the statistical distribution of magnitudede ned by seismotec-
tonic quantities. These include Gutenberg-Riclaterandb value and statistical
properties of pre-existing fractures.

Outlook

Although various characteristics of uid-induced micrasaicity can already be
explained using the underlying model of tB8RCapproach, there are several
open questions. The following ideas which are partly sdiethe moment ad-
dress these questions and help to completely understarhtfsécal processes
and to optimize the reservoir characterization:

1. One aspect that has not been considered so far is the effpotoelastic
coupling on the triggering mechanism. Rudnicki (1986) présed analyti-
cal solutions of coupled deformation-diffusion procegsegsotropic media
and for the condition of a constant uid mass source. Thisa¢igns can be
implemented irSBRCto evaluate this phenomenon. Further developments
could then include extending the known solutions to consahesotropic
media and time-dependent sources.

2. More detailed studies on non-linear uid-rock interacts can be carried
out to better understand processes that are involved inahjidrfractur-
ing operations. A key point here is deriving an interpretaal model for a
reservoir characterization that can be applied to the apeaiss of volumet-
ric hydraulic fractures, such as they develop in the Bar8ktle tight-gas
formation.

3. At present, there is an apparent disagreement in the assnof critical
pressures if compared to geomechanically based approdoh@kapter 3,
critical pore pressures of the induced seismicity in Basslewiound to be
between 1000°a and 1MPa. For a subset of the same data, Mukuhira
et al. (2009) determined critical pore pressures of thermti®0 80MP a
using information about the stress state and the orientatfidault planes.
However, shortcomings of the geomechanical model are tengstions of
homogeneous distribution of normal stresses and a constatic coef -
cient of friction. It is intuitive to suggest that materianameters, such as
elastic moduli, are neither constant nor homogeneoustyildised in the
whole reservoir volume (see e.g. Cooke, 1997; Carpentdr, 2009; Val-
ley and Evans, 2010). It means that heterogeneities ofssthissribution
and a varying friction coef cient have to be considered ie talculation
of critical pore pressures. On the other hand, the diffudiased model of
the SBRCapproach also simpli es real situations because heteriges
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of hydraulic parameters are not taken into account. Addrgskose points
aid to resolve the disagreement between the two approaches.

Further investigations of the scaling relations of urmtiuced earthquake
magnitudes can be performed. In particular, post-inj@atnacroseismicity
is in focus because at several injection locations the gasinearthquakes
were induced after injection stop (Majer et al., 2007). Awotconcern
applies to the observed non-stationarity of Gutenberdi@rd value in
Basel. To evaluate and interprete this phenomenon mordetktand ad-
vanced studies are required.
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Summarized in this chapter of the appendix is the interpogtaf seismicity in-

duced by hydraulic fracturing Stage B in Carthage Cottoreyaight-gas reser-
voir. The treatment was performed using a cross-linkedrgetted through per-
forated intervals of borehole CGU 21-10. The induced saigymvas monitored
by geophones placed in wells CGU 21-09 and CGU 22-09. In theegection
included are:

map and depth view of source locations of induced seismicity
engineering data

r tdiagram of induced seismicity

plots of the results

The estimated parameters regarding fracture and resgmaperties after appli-
cation of the presented interpretational approch are suinetkin Table 4.2.

Figure A.1: Map view and depth view of source locations of nméarthquakes
induced in Stage B gel treatment.
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Figure A.2: (Top) Hydraulic fracturing treatment data abdtfom)r t diagram
of induced microearthquakes of Stage B gel treatment.
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Figure A.3: (Top) t diagram of microearthquakes induced in main treatment
period of Stage B gel treatment, dashed line indicatesuractolume opening,
(middle)r t diagram as before but with triggering front curve accordiaog
Equation 2.4 to describe the diffusion-like propagatiorsefsmicity, (bottom)
modied r t diagram with removed shut-in phases. Triggering and bauht fr
curves according to Equations (4.2) and (4.5) well limit thieroseismic event
cloud.
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Supplement to Chapter 4.6.2, Breakdown of Kaiser effect:
analysis of Stage B and Stage C seismicity
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Figure A.4: (Top) Cumulative number of microearthquake&¥\ induced in
Stage B gel treatment as function of bottom hole pressureit¢B) Hydraulic
treatment data (dashed line: ow rate, solid line: bottontehgressure) of Stage
B gel treatment. Numbers 2, 3 and 4 show the same time monmelmbsh gures.
They mark starting points of an injection cycle.
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Figure A.5: (Top) Cumulative number of microearthquake&¥Y\ induced in
Stage C water treatment as function of bottom hole preséBottom) Hydraulic
treatment data (dashed line: ow rate, solid line: bottonehmressure) of Stage
C water treatment. Numbers 2 and 3 show the same time monndmi$hi gures.
They mark starting points of an injection cycle.
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