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Fluid-induced seismicity: Pressure diffusion and hydraulic fracturing
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ABSTRACT

Borehole fluid injections are common for the development of hydrocarbon and
geothermic reservoirs. Often they induce numerous microearthquakes. Spatio-
temporal dynamics of such induced microseismic clouds can be used to characterize
reservoirs. However, a fluid-induced seismicity can be caused by a wide range of
processes. Here we show that linear pore pressure relaxation and a hydraulic frac-
turing are two asymptotic end members of a set of non-linear diffusional phenomena
responsible for seismicity triggering. To account for the whole range of processes we
propose a rather general non-linear diffusional equation describing the pore pressure
evolution. This equation takes into account a possibly strong enhancement of the
medium permeability. Both linear pore pressure relaxation and hydraulic fracturing
can be obtained as special limiting cases of this equation. From this equation we
derive the triggering front of fluid induced seismicity, which is valid in the general
case of non-linear pore pressure diffusion. We demonstrate corresponding seismicity

signatures on different case studies.

INTRODUCTION

Operations involving injections of fluids from boreholes into
formations are typical for the exploration and development of
hydrocarbon or geothermal reservoirs. The fact that fluid in-
jection causes seismicity has been well-established for several
decades (see e.g., Pearson 1981; Zoback and Harjes 1997).
Current ongoing research is aimed at quantifying and con-
trolling this process.

Fluid induced seismicity covers a wide range of processes
between the two following limiting cases. In liquid-saturated
rocks with low to moderate permeability the phenomenon of
microseismicity triggered by borehole fluid injections is often
caused by the process of linear relaxation of pore pressure
perturbations (Shapiro, Rentsch and Rothert 2005). In poro-
dynamics this process corresponds to the Frenkel-Biot slow
wave propagation (see Biot (1962) and an historical review
by Lopatnikov and Cheng (2005), as well as an English trans-
lation of Frenkel (2005)).

In the seismic low-frequency range (hours or days of fluid

injection duration) this process reduces to a linear pore pres-
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sure diffusion. Fluid induced seismicity then typically shows
several diffusion indicating features, which are directly related
to the rate of spatial growth, to the geometry of the clouds
of microearthquake hypocentres and to their spatial density
(Shapiro et al. 2002, 2003; Parotidis, Shapiro and Rothert
2004; Shapiro, Rentsch and Rothert 2005). In some cases,
spontaneously triggered natural seismicity, like earthquake
swarms, also shows such diffusion-type signatures (Parotidis,
Rothert and Shapiro 2003; Parotidis et al. 2004; Parotidis,
Shapiro and Rothert 2005).

Another extreme is the hydraulic fracturing of rocks. Prop-
agation of a hydraulic fracture is accompanied by the creation
of a new fracture volume, fracturing fluid loss and its infiltra-
tion into reservoir rocks as well as diffusion of the injection
pressure into the pore space of surrounding rocks and inside
the hydraulic fracture (Economides and Nolte 2003). Some of
these processes can be seen from features of spatio-temporal
distributions of the induced microseismicity. The initial stage
of fracture volume opening, as well as the back front of the
induced seismicity starting to propagate after termination of
the fluid injection, can be especially well identified. Shapiro
and Dinske (2007), Shapiro, Dinske and Rothert (2006) and
Fischer et al. (2008) observed these signatures in several data
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sets of hydraulic fracturing in tight gas reservoirs. The evalua-
tion of spatio-temporal dynamics of induced microseismicity
can help to estimate the important physical characteristics
of hydraulic fractures, e.g., the penetration rate of the hy-
draulic fracture, its permeability as well as the permeability
of the reservoir rock (see Shapiro et al. 2006; Shapiro and
Dinske 2007). Therefore, understanding and monitoring of
fluid-induced seismicity by hydraulic fracturing helps to char-
acterise hydrocarbon and geothermic reservoirs and to esti-
mate results of hydraulic fracturing

Here, we attempt to describe both types of induced micro-
seismicity where triggering, on the one hand, is controlled by
a linear pore pressure diffusion and on the other, by the pro-
cess of new volume opening in rocks. We propose a general
non-linear diffusional equation describing the pore pressure
relaxation. This equation takes into account the possibility of
a strong enhancement of the medium permeability. Both the
asymptotic situations described above can then be obtained as
special limiting cases of this equation. We demonstrate corre-
sponding seismicity signatures on different real data sets.

In the following two sections we briefly review two well-
understood situations of a borehole fluid-injection induced
seismicity. The first one is triggering by approximately linear
diffusion. The second one corresponds to triggering caused
by a hydraulic fracture opening. Then we derive a non-linear
diffusion equation and relate it to the phenomena considered
in these two sections. Finally, we introduce one more case
study and show a principally new behaviour of the triggering
front.

LINEAR-DIFFUSION CONTROLLED
SEISMICITY

If the injection pressure (i.e., the bottom hole pressure) is less
than the minimum principal stress, then at least in the first
approximation, the behaviour of the seismicity triggering in
space and in time is controlled by a linear process of relax-
ation of stress and pore pressure perturbations initially created
at the injection source. This relaxation process is described
by the system of Frenkel-Biot equations for small linear de-
formations of poroelastic systems (Biot 1962). This equation
system shows that in a homogeneous isotropic fluid-saturated
poroelastic medium there are three waves propagating a strain
perturbation from a source to a point of observation. These
are two elastic body waves P and S (these are longitudinal and
shear seismic waves) and a highly dissipative slow wave.

Practical experience shows that a cloud of microseismic
events requires hours or even days to reach a size of several
hundred metres. This process is definitely too slow to be de-
scribed by the elastic wave propagation. Elastic waves in well
consolidated rocks propagate in seconds over kilometre-scale
distances. However, the elastic waves are primarily responsi-
ble for the elastic stress equilibration. This simple considera-
tion immediately shows that the triggering of at least a part
of the microseismic events has to be related to the slow wave.
The pore pressure perturbation in the slow wave in the limit
of frequencies extremely low in comparison with the global-
flow critical frequency (which is usually of the order of 0.1
100 MHz for realistic geologic materials) is described by a lin-
ear partial differential equation of diffusion. It is exactly the
same diffusion equation that can be obtained by uncoupling
the pore pressure from the complete Frenkel-Biot’s equation
system in the low-frequency range. In addition, the uncou-
pling of the pore pressure diffusion equation requires the as-
sumption of an irrotational solid skeleton displacement field
(Detournay and Cheng 1993). In weakly heterogeneous and
weakly elastically anisotropic rocks, this assumption is ap-
proximately valid. The diffusion equation describes the lin-
ear relaxation of pore-pressure perturbations in a poroelastic,
fluid saturated medium.

The spatio-temporal features of the pressure-diffusion in-
duced seismicity can be found in a very natural way from the
triggering front concept (Shapiro et al. 2002). For the sake
of simplicity we approximate a real configuration of a fluid
injection in a borehole by a point source of pore pressure
perturbation in an infinite, hydraulically homogeneous and
isotropic fluid-saturated medium. The time evolution of the
pore pressure at the injection point is taken to be a step func-
tion switched on at time 0. It is natural to assume that the
probability of the triggering of seismic events increases by in-
creasing the pore pressure perturbation. Thus, at a given time
to it is probable that events will occur at distances, which
are smaller or equal to the size of the relaxation zone (i.e.,
a spatial domain of significant changes) of the pore pressure.
For larger distances the events are characterized by a signif-
icantly lower occurrence probability. The surface separating
these two spatial domains is the ‘triggering front’. In a homo-
geneous and isotropic medium the triggering front r, has the

following form:
r: = V4m Dt, (1)

where ¢ is the time from the injection start and D is the hy-
draulic diffusivity. Geologic media are usually hydraulically
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heterogeneous. Equation (1) is then an equation for the trig-
gering front in an equivalent isotropic and homogeneous
poroelastic medium with the scalar hydraulic diffusivity D.
Because a seismic event is much more probable in the relax-
ation zone than at greater distances, equation (1) corresponds
to the upper bound of the cloud of events in the plot of 7 versus
t (so-called r-t plot). Figure 1 shows an example of of such an
r-t plot for an injection at the Soultz (France) geothermic site.

If the injection stops at time ¢y then the earthquakes will
gradually cease to occur. For times greater than # a surface
can be defined that describes the propagation of a maximal
pore pressure perturbation in the space. This surface (also a
sphere in homogeneous isotropic rocks) separates the spatial
domain which is still seismically active from the spatial do-
main (around the injection point), which is already seismically
quiet. This surface was first described in Parotidis et al. (2004)
and termed the back front of induced seismicity:

t t
= 2aor (L 1) () @

Here d is the dimension of the space where the pressure diffu-

sion occurs. For example, in the normal 3D space it is equal to
3.Ina 2D faultitis equal to 2. In a 1D fracture it is equal to 1.
The back front is another kinematic signature of the pressure-
diffusion induced microseismicity. It is often observed on real
data. In situations where the injection has produced only a
very moderate or even zero impact on the permeability, the
back front provides estimates of hydraulic diffusivity con-
sistent with those obtained from the triggering front (see
Fig. 1).
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HYDRAULIC FRACTURING CONTROLLED
SEISMICITY

During the hydraulic fracturing a fluid is injected through a
perforated domain of a borehole into a reservoir rock under
the bottom pressure larger than the minimum principal stress.
In order to understand the main features of the induced seis-
micity by such an operation we apply a very simple and rough
approximation of the process of the fracture growth (see for
details Shapiro et al. 2006) resulting from a volume balance
for a straight planar (usually vertical - this is the case for the
real-data example given below) fracture confined to the reser-
voir layer. This is the so-called PKN model known from the
theory of hydraulic fracturing (Economides and Nolte 2003,
p. 5-15-14). Basically, the half-length 7/ of the fracture (which
is assumed to be symmetric in respect to the borehole) is ap-
proximately given as a function of the injection time ¢ by the
following expression:

_ Ort
4thL\/Tt + thw ’

where Qj is a constant injection rate of the treatment fluid,

ro(t) 3)

Cy, is the fluid-loss coefficient, by is a fracture height and w
is the fracture width. The first term in the denominator de-
scribes the fluid loss from the fracture into surrounding rocks.
It is proportional to /¢ and has a diffusion character. The sec-
ond term, 2hsw, represents the contribution of the effective
fracture volume and depends mainly on the geometry of the
fracture’s vertical cross-section. In the case of hydraulic frac-
turing of a formation with a very low permeability (e.g., tight
gas sandstones) the fracture body represents the main per-
meable channel in the formation. The propagating fracture
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Figure 2 Hydraulic fracturing induced microseismicity at the Carthage Cotton Valley gas field (event location courtesy of James Rutledge). Top:

borehole pressure (measured at the injection domain) and fluid flow rate. Bottom: r-t plot of induced microseismic events (upper parabolic line is

a diffusion type approximation of the triggering; lower lines - back fronts; straight lines - fracture opening and reopening and correspondingly,

linear with time triggering fronts propagation).

changes the effective stress around it and activates mainly slip
events (sometimes observations of tensile events are also re-
ported) in the critical fracture systems existing in surrounding
rocks (Rutledge and Phillips 2003).

Thus, the fluid-induced microseismicity is concentrated in
a spatial domain close to the hydraulic fracture. Therefore,
equation (3) can be considered as a 1D approximation for the
triggering front of microseismicity in the case of a penetrating
hydraulic fracture (Shapiro et al. 2006). For a 1D hydraulic
fracturing of tight rocks this equation replaces the triggering
front equation (1).

During the initial phase of the hydraulic fracture growth,
the process of the fracture opening is dominant. This can lead
to a linear expansion of the triggering front over time. If the in-
jection pressure drops, the fracture will close. A new injection
of the treatment fluid leads to reopening of the fracture and
thus, to resumption of the linear propagation of the trigger-
ing front. A long-term fluid injection leads to the domination
of diffusional fluid loss processes. The growth of the fracture
slows down and its size becomes approximately proportional
to 4/t. After termination of the fluid injection the seismicity is
mainly triggered by the process of the pressure relaxation in

the fractured domain. Correspondingly, the back front of the
induced microseismicity can be observed, which is described
by equation (2) with d =1 (i.e., approximately, a 1D diffusion
along the hydraulic fracture). Figure 2 shows an example of
data demonstrating all the mentioned features of the induced
seismicity during hydraulic fracturing.

SEISMICITY TRIGGERING BY NON-LINEAR
DIFFUSION

Under rather general conditions, including a possible strongly
non-linear interaction of the injected fluid with the rock, the
pore pressure relaxation can be approximately described by a
system of the two following differential equations.

The first one is the continuity equation expressing the fluid
mass conservation:

dpd
—— =VQyp,
o Qp

where p is the density of the pore fluid, Q is its filtration ve-

(4)

locity and ¢ is the rock porosity. Note that the right-hand
side of this equation describes a scalar divergence of the
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filtration-velocity vector multiplied by the fluid density. Un-
der realistic conditions the time dependent part of the quantity
¢p is proportional to the pore pressure perturbation p: ¢pp =
popS, with pg being a reference fluid density and S = a?(1/My,
+ 1/(Kgr — Kay) + ¢(1/Ky — 1/K,,)) is a poroelastic compli-
ance related to porosity ¢, bulk modulus of a pore fluid Ky,
bulk moduli of a grain material K,, and a drained rock skele-
ton Ky,, P-wave modulus of the drained skeleton M, and the
Biot-Willis effective stress coefficient &« = 1 — Ky, /K,, (see
also Rice and Cleary 1976; Van Der Kamp and Gale 1983;
Detournay and Cheng 1993).

The second equation is the Darcy law expressing the bal-

lance between the viscous friction force and the pore pressure

perturbation:
k
-Q= ;V p, (5)

where k is the tensor of the hydraulic permeability of the rock
and 7 is the dynamic viscosity of the pore fluid. Again, Q is
a vector of fluid filtration velocity. Note, that the right-hand
side of this equation also contains a vector, which is resulting
from a product of a permeability tensor and of a vector of
gradient of pressure Vp. In the case of non-linear fluid-rock
interaction, the permeability can be a strong pressure depen-
dent quantity. For simplicity we will neglect the anisotropy
and heterogeneity of rocks. The assumption of isotropy can
be lifted by rescaling and rotating the coordinate system. We
are interested in situations where borehole fluid injections can
be approximated by a point pore pressure source switched on
at the time ¢ = 0. Thus, we can consider a spherically symmet-
ric problem and combine equations (4) and (5) in a spherical
coordinate system with the origin at the injection point:

artp 9

il
_ 2
2= - Dlp)r . (6)

where 7 is a radial distance from the injection point and we
have introduced a pressure-dependent hydraulic diffusivity:

k(p)p(p)

D(p) = Suo

(7)

The non-linear diffusion equation (6) must be completed
by the initial condition of zero pore pressure perturbation
before the injection starts (i.e., p = 0 for ¢ < 0) and by the two
following boundary conditions. The first condition defines the
mass rate m2; of the fluid injection at the surface of an effective
injection cavity of the radius R:

m;(t) = 47 R?

k d
(p)p(p) D loer . (8)
n ar
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The second boundary condition states a pore pressure per-
turbation along with its first spatial derivative vanishing at
infinity faster than 1/7%.

Integrating equation (6) over the distance r gives:

LA RS 29
ot ). " pdr = D(p)r*==p b=k - (9)

Integrating this over the time and taking into account the

boundary condition at 7 = R gives:

00 5 _ tm,-(t) N 1 t .
471/ r pdr_/o s dt ~ S/o O (t)dt. (10)

R

In the last approximate part of this equation we have neglected
the pressure dependency of the fluid density and introduced
the volumetric rate of the fluid injection Q;(#).

In the following we will try to analyse the solution of the
formulated problem without explicitly solving it. For this let
us introduce the following (not very restrictive) simplifica-
tions. We will assume an injection source with a power-law
injection rate Q; = S(i + 1)Qot". For example, in the case of
a constant rate injection source, i = 0 and Q; = SQy = Oy
(the same injection rate as in equation (3). We will assume
a power-law dependence of the diffusivity on the pressure:
D = (n + 1)Dgp". If n is large, the hydraulic diffusivity (and
hence permeability) will depend strongly on the pressure. If
n = 0, the pressure relaxation will be described by a linear
diffusion equation. Finally, we will assume that the radius of
the injection cavity is vanishing small (compared with the size
of the microseismic cloud).

Under these assumptions equation (6) and the combined
condition (10) take the following form:

artp 9,8
— D 2 7 ntd 11
or %% a? (1)
471/ r2p(t, r)dr = Qut'tt, (12)
0

where the proportionality constants Do and Qg are defined
by the properties of the medium and the injection source,
respectively.

To understand features of the solution of the problem stated
by equations (11) and (12) we will apply the dimensional
analysis (Barenblatt 1996) and especially its I1-theorem. The
two equations above show that the pressure evolution depends
on the following dimensional quantities, r, ¢, Do and Q. They
have the following physical dimensions:

I? PL3

[[l=L [=T [Dl=—Fp5. [Ql=F.

e (13)
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where L, T and P denote physical dimensions of length, time
and pressure, respectively. It is clear that any 3 of the quanti-
ties 7, £, Do and Qg have independent dimensions. The dimen-
sion of one of them (for example 7) can be expressed in terms
of the other three. In other words, only one dimensionless
combination, 6, can be constructed:

6= 4 (14)

1/(3n+2)
(Do Qgtn(iﬂ)ﬂ)

The following combination of quantities #, Dy and Q has the

dimension of pressure:
1/(3n42)
( % ) . (15)

D320
Then the TI-theorem of the dimensional analysis states that
the pressure must have the following form:

1/(3n42)
(&> (), (16)

D3#1-20)
where @ is a function that must be found by solving the prob-
lem formulated in equations (11) and (12) and the initial con-
dition, p = 0 for # < 0.

We see that the spatial distribution of p is completely de-
fined by the dimensionless parameter 6. If 0 is large enough
(i.e., small times and big distances from the source), we ex-
pect insignificant pressure increase. If 6 is small (large times
and small distances) a strong change of pressure must occur.
Thus, a constant value of 8 denotes a front of changing pres-
sure. From the analysis of similar non-linear equations (e.g.,
very intensive thermal waves, see Barenblatt 1996, pp. 76-79)
it is known that even a sharp front separating a zero pertur-
bation domain from a non-vanishing perturbation values can
occur. Thus a constant 6 value defines the triggering front of
microearthquakes 7,. From equation (14) we obtain a general
result:

) 1/(3n+2)

e O (DOQ(r)Itn(i+1)+l (17)

Let us first assume that the diffusivity is pressure independent
(this corresponds to a perfectly linear diffusion). Then n =
0 and 7, & +/Dt. This corresponds to equation (1). The trig-
gering of seismic events is controlled by a linear pore pressure
relaxation. Let us now assume that 7 is large (this corresponds
to an extremely non-linear diffusion). Then 7, oc (Qot!+1)1/3,
Therefore, in this case the triggering front is defined com-
pletely by the volume of the fluid injected. In other words,
an opening of a new pore (or fracture) volume occurs in the
spatial domain between the injection source and the triggering

front. For example, in the case of a constant injection rate, i =

0 and 7, o (Qot)"/3. This is a 3-dimensional generalization of
equation (3) in the small time limit (i.e., in the phase of an ac-
tive linear with a time opening of a single hydraulic fracture).
Therefore, we conclude that depending on the parameter 7,
equation (11) describes a broad range of phenomena: from
a linear pore pressure relaxation to an active 3-dimensional
hydraulic fracturing of the medium. This latter limiting case
of non-linear diffusion will be used in the next section for an

interpretation of a case study.

A CASE STUDY-BARNETT SHALE

Features of hydraulic fracturing considered in this section are
defined by specific properties of the Barnett Shale gas reser-
voir (Fisher et al. 2002, 2004; Maxwell et al. 2006). Of course,
also the features of the tectonic stress field there (which still
remains to be better understood) would be of significant im-
portance. The Barnett Shale is a marine shelf deposit from the
Mississippian age. It is an organic-rich black shale with ex-
tremely low permeability on the order of 0.1-0.5 microdarcy.
We have analysed the microseismic Barnett data courtesy of
the Pinnacle Technology. They were obtained by hydraulic
fracturing from a vertical borehole in the Lower Barnett Shale
of the Fort Worth Basin. They demonstrate a typical hydraulic
fracture fairway network from a vertical well in the core area
of Barnett (Fisher et al. 2002). Figures 3 and 4 show the 3D
character of the growth of the microseismic cloud. We observe
an increase of the cloud size over time along all the three of
its spatial dimensions.

To understand these data we propose the following simple
model related to our consideration in the previous sections.
We assume that a virgin reservoir rock is almost impermeable.
This would lead to a negligible fluid loss from the fractured
domain. Additionally, we assume that the treatment fluid is
incompressible and during its injection it deforms and opens
weak, compliant, pre-existing fractures in a limited volume of
the rock. We will assume that the fractures can be opened if
the pore pressure exceeds a given critical value p.. We will
define the perturbation of the pore pressure p relative to this
critical value. As soon as a fracture has been opened, the
permeability of the rock strongly increases and the fluid can
be further transported to open the next fractures. Note that
a fracture opening (i.e., a width) is a function of the pore
pressure perturbation. However in the case of the extreme
increase of permeability we can assume, approximately, that
from the injection source up to the filtration front (where
p = 0), the radial variations of the bulk porosity filled by
the treatment fluid are weak. Equation (3) must then be
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Figure 3 Hydraulic fracturing induced microseismicity in Barnett Shale (data courtesy of Shawn Maxwell, Pinnacle Technologies). Top: map
and vertical plane projections of the microseismic cloud. Bottom: temporal evolution of the microseismicity on a vertical plane projection (note,

that the vertical and horizontal scales are equal here).

replaced by

r(t) = A(Qut/¢)'°. (18)

Here r(¢) is the growing size of the fractured domain, ¢ is
its fractured porosity filled by the treatment fluid and A
is a dimensionless geometric factor equal e.g., to 1/2 or to
(3/(47))"/3 in the case of cubic or spherical fractured domains,
respectively.

Therefore an r-t plot will show a t!/3 parabolic envelope
of corresponding microseismic clouds. Note, that this type
of behaviour of the triggering front has been derived in the
previous section from a consideration of a non-linear 3D dif-

fusion equation with the hydraulic diffusivity very strongly

depending on the pore pressure. It corresponds to equa-
tion (17) with i = 0 and a large #n. This type of behaviour
is exactly demonstrated by the Barnett Shale data set we have
at our disposal. Figure 5 shows the injection pressure, fluid
rate and the r-t plot for the microseismic cloud whose differ-
ent projections were given in Figs 3 and 4. One can see that
the cubic root type of the triggering front describes the data
significantly better than a square-root parabola.

The cubic root parabola of Fig. 5 and equation (18) per-
mit us to estimate the porosity opened and connected by
the treatment fluid. Figures 3, 4 and 5 yield an approxi-
mate estimate of this additional open porosity of the order of
0.001 per cent and the parameter A of the order of 1.
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Figure 4 Hydraulic fracturing induced microseismicity in Barnett Shale (data courtesy of Shawn Maxwell, Pinnacle Technologies). Temporal

evolution of the microseismicity in a map projection.

CONCLUSIONS

Understanding spatio-temporal dynamics of microseismic
clouds contributes to reservoir characterization. It helps us
to monitor and describe hydraulic fractures. For example, r-
t-plots show signatures of fracture volume growth, fracturing
fluid loss, as well as diffusion of the injection pressure into
rocks and inside the fracture. Linear diffusion controlled trig-
gering is often observed in geothermal reservoirs. Triggering
controlled by volume creation is usually observed at hydraulic
fracturing of tight gas reservoirs.

Here we have shown that linear pore pressure relaxation
and hydraulic fracturing are two asymptotic end members
of a set of non-linear diffusional phenomena responsible for

seismicity triggering. We have proposed a general non-linear

diffusional equation describing the pore pressure evolution
and taken into account a possibly strong enhancement of the
medium permeability. Both linear pressure relaxation and hy-
draulic fracturing can be obtained as special limiting cases
of this equation. From this equation we have derived an ex-
pression for the size of the triggering front of fluid induced
seismicity, which is valid in the general case of non-linear pore
pressure diffusion.

We have shown that microseismic features of hydraulic
fracturing in Barnett Shale correspond to non-linear pres-
sure diffusion in a medium with permeability very strongly
enhanced by a fluid injection. It seems that the volumetric
(possibly tensile) opening of preexisting fractures embedded
into an extremely impermeable compliant matrix is the dom-

inant mechanism controlling the dynamics of the induced
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Figure 5 Hydraulic fracturing induced microseismicity in Barnett
Shale (data courtesy of Shawn Maxwell, Pinnacle Technologies). Top:
borehole pressure (measured at the injection domain) and fluid flow
rate. Middle and bottom: the r-t plot of induced microseismic events
with different envelopes (in the middle - a diffusion type approxima-
tion of the triggering (¢'/2); dashed line - a possible indication of a
back front; bottom: a cubic root parabola (£1/3) better matching the
data).

microseismicity. This process can be denoted as a 3D volu-
metric hydraulic fracturing. The r-t plot has a characteristic
cubic-root parabolic behaviour.
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