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S U M M A R Y

During reservoir stimulations, the injection of fluids with variable viscosities can trigger

seismicity. Several fault lubrication mechanisms have been invoked to explain the dynamic

stress drop occurring during those seismic events. Here, we perform a parametric analysis

of the elastohydrodynamic fault lubrication mechanism to assess its efficiency during fluid-

induced earthquakes. The efficiency of the mechanism is measured with the dimensionless

Sommerfeld number S. Accordingly, we analysed eight well-documented cases of induced

seismicity associated with the injection of fluids whose viscosities range from 1 mPa s (water)

to 100 mPa s (proppant). We collected information related to the in situ stress field, fault

orientation and geometry, moment of magnitude and static stress drop of the events. These

parameters allow us to analyse the variation in the Sommerfeld number. Our results show

that the estimated dynamic friction on the fault during the event is compatible with the fault

weakening predicted by the elastohydrodynamic lubrication theory, particularly for highly

viscous fluids.

Key words: Earthquake dynamics; Induced seismicity; Dynamics and mechanics of faulting;

Fractures, faults, and high strain deformation zones.

1 I N T RO D U C T I O N

In the last 30 yr, the increase in man-induced earthquakes associated

with wastewater disposal, gas storage or geothermal exploitation

(Ellsworth 2013; Zoback & Kohli 2019) has become an impor-

tant scientific and social issue (Suckale 2009; Grigoli et al. 2017).

The seismicity induced by fluid injection was first shown by Evans

(1966) and Healy et al. (1968) for the earthquakes occurring after

the beginning of injection of waste fluids near to Denver, Colorado.

Later, Raleigh et al. (1976) conducted the first water injection field

experiment at high pressure in the Rangely Oil Field, Colorado. It

has also been demonstrated that the volume and rate of fluid in-

jection (McGarr et al. 2014; Weingarten et al. 2015) control the

fluid pressure increase (Hsieh & Bredehoeft 1981) and determine

the number and magnitude of the events.

However, fluid overpressure is not the only parameter governing

fault reactivation and the associated seismicity (Noël et al. 2019).

Recent studies have demonstrated that the thermal properties of

fluids (i.e. compressibility, latent heat and thermal diffusivity) and

physical properties (i.e. density and viscosity) can influence the

rock–fluid interactions (Acosta et al. 2018) and, in general, the fault

strength. In particular, Cornelio et al. (2019, 2020) have recently

shown that high fluid viscosity might also play a role in decreas-

ing the dynamic fault strength and, consequently, promoting the

propagation of earthquakes. They experimentally showed that the

onset of reactivation is independent of the on-fault fluid viscosity

(i.e. the static friction coefficient is not a function of the viscos-

ity) and the possible activation of the elastohydrodynamic (EHD)

lubrication mechanism on the fault during seismic slip. Within the

EHD theory, the state of the sliding surfaces can be distinguished in

three different lubrication regimes as a function of the dimension-

less Sommerfeld number S, defined as S = 6ηV L/(Peff H 2), where

η is the fluid viscosity at the mean estimated surface temperature

under steady state, V is the slip rate, Peff is the effective normal

stress, L is the characteristic slip length and H is the initial average

asperity height (Fig. 1). In particular, for almost planar surfaces

with asperities that are intermediately in contact during coseismic

sliding, the average asperity height H is of the same order of the

average fluid film thickness (Brodsky & Kanamori 2001).

(i) Faults under a boundary lubrication (BL) regime occur when

S < 10−3 and the normal stress is supported by the solid–solid

contacts and when the dynamic friction coefficient is close to static

friction coefficient; (ii) faults under a fully lubricated regime (EHD)

occur when S > 1 and the normal stress is supported by the intersti-

tial fluid; (iii) faults under a mixed lubrication (ML) regime occur

when 10−3 < S < 1 and the normal stress is supported by both

partially by the solid–solid contacts and partially by the interstitial

fluid (criteria of lubrication regimes are derived from experimental

studies, see Cornelio et al. 2019). In both the cases (ii) and (iii),

the dynamic friction coefficient is strongly reduced compared to the

static friction coefficient. Cornelio et al. (2019) also showed that

the EHD mechanism is independent of the rock lithology.
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Figure 1. Schematic representation of the asperity contacts in the three

different regimes. In the boundary lubrication regime, the load is supported

by the asperity, and the fluid has no influence on the slip propagation. In

the mixed lubrication regime, the load is partially supported by the asperity

and partially supported by the film fluid present between the two sliding

surfaces. In hydrodynamic lubrication, all the stress is supported by the

fluid film, which completely controls the behaviour of the slipping surface.

Here, we analyse the possible ranges of the five parameters

(η, V, L , Peff , and H 2) that define the Sommerfeld number S for

natural earthquakes, and we compare them with the estimated values

of the same five parameters for eight cases of induced seismicity as-

sociated with the injection of different viscous fluids (water, brine,

wastewater and proppant). We aimed to understand whether the

EHD can be an efficient lubrication mechanism involved in induced

earthquakes propagation.

2 S PA R A M E T E R S F O R I N D U C E D

S E I S M I C I T Y

We will now discuss the possible range in values of the five parame-

ters (η, V, L , Peff and H 2), which define the S number for natural

earthquakes. In particular, we will determine the minimum and

maximum values of (i) the fault geometrical parameters (L/H 2),

(ii) the fluid viscosity (η), (iii) the effective normal stress (Peff ) and

(iv) the coseismic slip rate (V) during earthquake propagation.

(1) L/H 2: H (m) is the average fault asperity height and L (m) is

the characteristic dimension of pressure change, that is, the length

over which the pressure of the film changes significantly compared

to the average pressure on the fault interface. L is proportional to the

wavelength of the surface roughness (Brodsky & Kanamori 2001).

The most favourable scenario for the activation of EHD lubrication

(maximum value for S) results from the largest possible L , that

is, maximum wavelength of the surface roughness that correspond

to the finite slip of the event (Brodsky & Kanamori 2001). More-

over, the roughness of naturally exposed faults follows a power-law

function of wavelength H = BLζ , with B being a constant pre-

factor ranging between 10−3 and 0.1 for naturally exposed faults

(Brodsky et al. 2011). Surfaces described by the power-law scaling

with ζ = 1 are defined as self-similar, while those with ζ �= 1 are

known as being self-affine. ζ of the natural fault is between 0.6 and

1 (Brodsky et al. 2016 and references herein). Therefore, the H/L

ratio for natural faults ranges between 0.001 and 0.01. Considering

that earthquake slip can vary from a few millimetres (L ∼ 0.001 m)

to several metres (L ∼10 m), L/H 2 ranges from ∼103 m m−2 to

∼109 m m−2.

(2) η: Fluids with variable compositions and viscosities (gas, wa-

ter, brine, hydrocarbon seepage, wet gouge and frictional melt) are

widespread within active tectonic faults. For instance, water viscos-

ity ranges from ∼1 mPa s at subsurface conditions (∼1 km depth)

to ∼0.1 mPa s at a depth of 10 km (considering η(T, P f ), a thermal

gradient of 30 ◦C km−1 and a linear increase in P f with depth;

Eppelbaum et al. 2014). Alternatively, faults can be filled with the

viscous melt produced by frictional heating during earthquake co-

seismic slip, with a minimum viscosity of 1 kPa s (Giordano et al.

2008). Faults can contain gouge material, which can behave as a

fluid with a viscosity that depends on the gouge grain size and the

solid volume fraction (Otsuki et al. 2003) but generally is approx-

imately ∼10 Pa s. Fluids commonly used in hydraulic fracturing

operations in engineering reservoirs have viscosities ranging be-

tween 1 mPa s and 1 Pa s (Economides 2000). Moreover, the fluid

viscosity varies with in situ temperature and pressure.

(3) Peff : normal effective stress applied to the fault. The field

stress applied on the fault plane can be described as a function of

the effective principle stresses σ1
′ and σ3

′, with σ1
′> σ3

′. If we

can consider a linear increase in pressure with depth, the effective

normal stress can be written as Peff = (σ1
′ +σ3

′)/2+(σ1
′—σ3

′)/2

cos(2θ ) with θ is the angle of the fault plane with the horizontal

stress. Assuming Coulomb friction law, it can be shown that for

an optimally oriented fault plane θ = π/4 + φ/2 (Allmendinger

et al. 2011b). The principal stresses σ1
′ = max{σi

′, σ j
′}, σ3

′ =

min{σi
′, σ j

′}, where σi
′ = ρr gz − ρ f gz and σ ′

j = Kσ ′
i . ρr is the

rock density and is 2700 kg m−3, ρ f is the water density and is

(1/3)ρr , g = 9.81 m s−2, z is the depth in m. The ratio between the

principal stresses K is ∼0.6 for the normal fault (lower K boundary

value) and it is ∼ 2.3 (Zoback 2007) for the reverse fault (upper

K boundary value), φ = tan−1 μ, and μ is the friction coefficient

according to the Byerlee frictional law and is 0.75 (Byerlee 1978).

Therefore, the effective pressure acting on a fault between 0 and

10 km depth ranges between 0 and 100 MPa.

(4) V : Usually, the average coseismic slip rate is on the order of

1 m s−1 (Sibson 1986; Heaton 1990), but more generally, Rowe &

Griffith (2015) showed that slip rates V between 10−4 and 10 m s−1

are peculiar to earthquakes. Note, we only consider the weakening

mechanism activated during coseismic phase of an earthquake.

3 C A S E S T U D I E S O F I N D U C E D

S E I S M I C I T Y

We determined the same parameters (L/H 2, η, Peff , and V ) for eight

well-documented man-induced earthquakes, which were caused by

fluid injection during reservoir stimulation in various rock forma-

tions. These man-induced earthquakes were selected because they

were associated with the reactivation of a pre-existing fault that

occurred very close to the fluid injection borehole and because the

movement between the two fault surfaces was almost planar.

(1) The fault geometrical parameter L/H 2 has been estimated

based on the seismic moment of magnitude (M0) and the static stress

drops (	τ ) recorded during the events. Moreover, we assumed L

equals the finite slip during the events δ as it is the largest possible

value of L . For all events, we considered a circular rupture, so

the fault surface ruptured area (A) can be calculated as A = πr 2

and 	τ = (7/16) M0/r 3 (Abercrombie & Rice 2005) with r as the

characteristic fault geometry. The slip δ(= L) is proportional to the

moment of magnitude and rupture area:

δ =
M0

G A
, (1)

where G is the shear modulus (∼30 GPa typical for the upper

crustal rocks; McGarr et al. 2014).
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Therefore,

L ∼=
M0

Gπ
(

7
16

M0

	τ

)2/3
, (2)

where L is proportional to M
1/3

0 . Finally, using the relation between

the slip δ and the geometry of the fault proposed by Brodsky et al.

(2011, 2016), it is possible to estimate the asperity height H and the

wavelength L for each case study:

H = B∗Lζ (3)

with ζ = 0.6–1.

(2) η. The man-induced seismicity is usually associated with

the injection of water (η ∼ 1 mPa s), brine (η ∼ 3–5 mPa s),

wastewater (η ∼ 3–50 mPa s) and a mixture of water and proppant

(η ∼100–200 mPa s) in many lithologies. With the exception of the

Basel and Bowland Shale site (see the sections on each dedicated

case), the injection procedure for all studied cases involved long-

term low-pressure injections to minimize the associated seismicity.

Therefore, we can consider that the viscous fluid had time to diffuse

and flow throughout the whole rupture area of the fault surface.

Moreover, the proppant is usually mixed with fluid and injected at

high pressure and flow rate. This mixture is highly non-Newtonian

(Novotny 1977), and can be considered as a fluid until the pressure

injection is high (Holditch et al. 1988). After the injection, the fluid

component of the initial mixture is dissipated into the rock matrix,

while the proppant solid particles remain in the fracture to keep them

open. Because, most of the seismic events analysed here, happened

during injection of just after, we consider the fluid-proppant mixture

as a fluid and not a solid. For each studied case, due to a lack of

information about the precise fluid composition and fluid properties,

we neglected the decrease in viscosity with increasing temperature

at depth and with shear heating.

(3) Peff . To compute the effective normal stress for each studied

case, we used the field stress measured near the fault that triggered

the earthquake and the fault orientation. The field stresses are usu-

ally given in terms of overburden stress (Sv), maximum (SH,max) and

minimum (Sh,min) horizontal stresses and fault orientation. For all

case studies, we reported the principal stresses (total σ1 and σ3 and

effective σ ′
1 and σ ′

3) (Allmendinger et al. 2011a) as well as the fault

Byerlee rupture criterion (μ = 0.6 and μ = 0.85; Byerlee 1978)

in Mohr’s circles for a 3-D stress state (Fig. 2). We distinguished

between the total stress state (grey circles in Fig. 2) and the ef-

fective stress state (blue circles in Fig. 2) using the fluid pressure

P f measured at the wellbore before the beginning of the injection

procedures. Shear stress τ and effective normal stress acting on the

fault plane σ ′
n (green points on Fig. 2) are derived from the projec-

tion of the fault plane (strike and dip angle) in the principal effective

stress space, while the total normal stress σn is obtained with the

projection of the fault plane in the principal total stress space. The

reported failure rupture criteria in Fig. 2 are derived from Byerlee’s

rule, and they are only valid for the faults and not for the rock mass.

(4) Slip rate V . Due to lack of information and technical diffi-

culties in assessing the slip rate during earthquake propagation, we

either fixed V = 1 m s−1 or let V be unknown in our problem, and

we studied its variation in the three lubrication regimes defined by

the Sommerfeld number S. This was done only for the earthquake

propagation phase, and it is not valid for the initiation of the rupture.

3.1 Case studies

3.1.1 ML = 3.4 Basel, Switzerland

The deep heat mining project (DHM), close the city of Basel in

Switzerland, was initiated in 2006 to develop an enhanced geother-

mal system (EGS) in the granite basement. The largest event

ML = 3.4 occurred on 2006 December 8 at a depth of 3–4 km (De-

ichmann & Giardini 2009) after 6 d of water injection (η = 1 mPa s).

The orientation of the principal stress was deduced from the acous-

tic borehole imager log in the crystalline basement section. Sh,min

(the minimum horizontal stress) was oriented along an azimuth of

54◦±14◦, and the azimuth of SH,max was 144◦±14◦ (Valley & Evans

2019). The optimal angle between SH,max and the fault strike was

between 22◦ and 30◦, respectively (Häring et al. 2008). The esti-

mations of SH,max and Sh,min were 160 and 74 MPa, respectively

(Häring et al. 2008). The fluid pressure Pp was estimated to be ap-

proximately 9.8 MPa (Goertz-Allmann et al. 2011). We estimated

an effective normal stress of 88.45 ± 5.37 MPa acting on the fault

(Fig. 2a). The radius of the rupture area was approximately 101 m,

and the seismic moment of the main event was 1.60 × 1014 N m

(McGarr et al. 2014). Following eqs (1) and (2) the coseismic slip of

the event is estimated to be 0.156 m, and the asperity height is H =

0.16–0.45 mm. The geometry parameters are L/H 2= (3.58 ± 1.41)

106 m m−2.

3.1.2 Mw 4.3 Paradox Basin, Colorado, USA

Since 1991, the Paradox Valley Unit project was involved in the

injection of brine in southwest Colorado. On 2000 May 27, an earth-

quake of Mw 4.3 was recorded in the Paradox Valley in Colorado.

The Paradox Valley project consisted of an ∼100 m depth shallow

well, which, from January 2002, was mostly used for the injection of

Paradox Valley Brine (PVB) with freshwater (70 per cent PVB-30

per cent freshwater) or 100 per cent PVB (Ake et al. 2005). The

two mixtures had viscosities ranging between 0.001 and 0.003 Pa

s. The Paradox Basin close to the Paradox Valley is a collapsed di-

apiric salt anticline. Well logs from nearby wells, seismic reflection

profiles and in situ studies (Bremkamp & Harr 1988) indicated the

presence of the Wray Mesa fault, which trends subparallel to the

strike of the Paradox Valley. The injection well was sited to opti-

mize fluid migration into and along these faults. The inversion of the

focal mechanisms of Paradox valley-induced earthquakes showed

an orientation of the maximum horizontal stress SH,max of N45◦W–

N54◦W (Block et al. 2015) with a stress gradient at a depth of

23.95 × 10−3 MPa m−1 for SH,max and at 16.2 × 10−3 MPa m−1 for

Sh,min (Ake et al. 2005). The earthquake depth was between 3.5 and

6.5 km. The hydrostatic pressure gradient was 9.95 × 10−3 MPa

m−1 in this area, while the vertical pressure gradient was 16.8 ×

10−3 MPa m−1 (King et al. 2014). Considering that the activated

fault was striking at N78◦E and dipping at 84◦, the normal stress

acting on the fault plane ranged between 60 and 99 MPa, while

the effective normal stress was 32.5 ± 3.5 MPa (Fig. 2b). The mo-

ment magnitude of the earthquake was 3.16 × 1015 N m (McGarr

et al. 2014), and the rupture radius was ∼0.4–0.6 km (Yeck et al.

2015). Using the relation between seismic moment, rupture radius

and slip, it was possible to estimate the coseismic slip of the fault

(0.09–0.20 m), the fault geometry parameter of H = 0.1–0.2 mm

and that L/H 2 is (4.02 ± 0.59) 106 m m−2.
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Figure 2. Mohr–Coulomb circles representing the average in situ stress, fault orientation and Byerlee failure criteria for the (a) Basel earthquake, (b) Paradox

Valley earthquake, (c) Youngstown earthquake, (d) Prague earthquake, (e) Timpson earthquake, (f) Pawnee earthquake, (g) Fox Creek earthquake and (h)

Bowland Shale. The red lines are the failure envelope for the fault following the Byerlee law. The grey circles are the average Mohr–Coulomb circles without

fluid pressure (total stresses), and the blue circles are the average Mohr–Coulomb circles with estimated hydrostatic fluid pressure (effective stresses). The

green points are the resolved effective stresses for the average specified activated fault.

3.1.3 Mw 3.9 Youngstown, Ohio, USA

Since 2010, five deep injection wells have been used for the in-

jection of brine that is used for hydraulic fracturing in the area of

Youngstown. On 2011 December 31, an earthquake of magnitude

Mw 3.9 was detected in that area following the injection through

a well into the Precambrian granite at a total depth of 2802 m

(Kim 2013). The viscosity of the injected water was between η =

0.001–0.003 Pa s. The earthquake hypocentre depth was between

3.55 and 3.68 km (ODNR 2012). The results of the focal mecha-

nism modelling and the inversion indicate that the focal mechanism

of the event is predominantly strike-slip faulting with a strike of

265◦, dip of 72◦ and seismic moment of M0 = 8.30 ± 8.0 1014 Nm
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(Kim 2013). The estimation of normal stress on the plane fault is

30.2 MPa (Kim 2013). Considering the fluid pressure of 30.5 MPa,

the effective normal stress is 46.9 MPa (Fig. 2c).

The rupture area was 4105 m2 (Morris et al. 2017). Considering

a circular rupture, we can estimate a radius of the rupture area to

be approximately 357 m, a coseismic slip of 0.09 ± 0.03 m and

an asperity size of H ∼0.19 mm. The geometry of the fault can be

described as L/H 2= (8.32 ± 0.23) 105 m m−2.

3.1.4 Mw 5.7 Prague, Oklahoma, USA

The oil and gas reservoirs in the northern region of Oklahoma have

been exploited since the early 20th century. The area was often sub-

jected to induced earthquakes caused by wastewater injection (η =

30–50 mPa s). Three earthquakes with Mw values of 5.0, 5.7 and

5.0 occurred near Prague, Oklahoma, on 2011 November 5, 6 and

8 in the Wilzetta fault system at hypocentral depths of 3.1, 5.2 and

5 km, respectively (Keranen et al. 2013). Walsh & Zoback (2016)

performed stress inversions using a focal mechanism analysis of 15

earthquakes near Prague to determine stress orientations and magni-

tudes in the area. The overburden gradient was Sv= 25 MPa km−1,

the fluid pressure gradient was Pp= 9 MPa km−1 and the static

friction coefficient was μ = 0.7. The fault regime was found to be

strike-slip, and the orientation of the maximum principal stress was

found to be N83◦E. The minimum and maximum horizontal stress

gradients were estimated as Sh,min = 15 MPa km−1 and SH,max=

30 MPa km−1, respectively.

Considering the principal stresses magnitude and orientation, the

normal stress acting on the fault can range between 70.4 and 88 MPa,

while the effective normal stress was 38.7 ± 2.15 MPa (Fig. 2d).

The seismic moment of the main event was between 3.37 × 1017

Nm (Sun & Hartzell 2014) and 3.92 × 1017 Nm (McGarr et al.

2014) with a stress drop 	τ = 6.75–27.64 MPa (Cramer 2017).

Therefore, considering a circular rupture, the coseismic slip was

0.77–0.16 m, and the asperity height was H ∼1.88 mm. These

values were comparable with those proposed by Sun & Hartzell

(2014). For the Prague main event, L/H 2 was (4.87 ± 2.12) 105 m

m−2

3.1.5 Mw 4.8 Timpson, Texas, USA

The 2012 May 17 Mw 4.8 earthquake near Timpson, east Texas,

occurred after wastewater was injected (η = 30–50 mPa s) into

two nearby disposal wells into the Rodessa Formation. Epicentres

of smaller events following the Mw 4.8 event and located using

a portable seismic array were aligned parallel to a fault that was

previously mapped using seismic reflection surveys (Frohlich et al.

2014). The focal depths of these events ranged between 2.5 and

4.6 km (Frohlich et al. 2014). The fault dipped at approximately

63◦±2◦ to the southwest. An average gradient of the vertical stress

Sv of 24 MPa km−1 was calculated by (Thiercelin & Plumb 1994).

The minimum horizontal stress Sh,min and the fluid pressure had

gradients of 14 and 10.08 MPa km−1, respectively (Fan et al. 2016).

It was reasonable to suppose that SH,max = Sv (Fan et al. 2016); that

is, a transitional stress state exists between a strike-slip and normal

faulting stress regime. Using the procedure proposed in Fan et al.

(2016), we determined the effective normal stress acting on the fault

at the hypocentral depth of 19–39.5 MPa (Fig. 2e).

The seismic moment of the event was 2.21 × 1016 N m (McGarr

et al. 2014) and the stress drop was 	τ = 12.32–33.80 MPa (Cramer

2017). Considering a circular rupture, the radius of the rupture area

was 698 ± 22.1 m, the coseismic slip was 0.40 ± 0.07 m and the

asperity height was H ∼1.93 mm. The geometry of the fault can be

described as L/H 2 = (1.83 ± 0.90) 106 m m−2.

3.1.6 Mw 5.8 Pawnee, Oklahoma, USA

Since 2009, saltwater disposal (η = 30–50 mPa s) in the north-

central area of Oklahoma has caused an increase in the background

seismicity in the area. In particular, the 2016 September 3, Mw

5.8 Pawnee main shock resulted from a left-lateral slip across an

unmapped fault (Pawnee fault or Sooner Lake fault), striking west-

northwestward. The main shock was located at a depth of 5.6 km

with an uncertainty of 0.7 km (Pollitz et al. 2017). The stress orien-

tation obtained from both the wellbore data and focal mechanism

inversion showed a direction N83◦±3◦E with a plunge of 14.9◦ (Alt

& Zoback 2017). The fault had a strike of 283◦ and dip of 77◦.

The effective normal stress gradient can be assumed to be equal to

17 MPa km−1 (Huang et al. 2017). The depth of the causative fault

involved in the main shock remains poorly constrained (Grandin

et al. 2017), but the aftershock seismicity was concentrated at ∼6 km

depth, and the majority of earthquakes in north-central Oklahoma

are at 5–6 km depth (McNamara et al. 2015).

The stress drop 	τ during the main event was between 10.15 and

34.27 MPa (Cramer 2017). The seismic moment of the main event

was 4.67 × 1017 N m. Considering a circular rupture, the radius of

the rupture area involved in the main event was 2.1–2.4 km. The

slip associated with the event was 1.09 ± 0.21 m, and the asperity

size was H ∼10.25 mm. We can describe the geometry of the fault

as L/H 2= (7.48 ± 3.72) 105 m m−2.

3.1.7 Mw = 4.1 Fox Creek, Alberta, CA

The Duvernay Formation, close to the Fox Creek area, hosts hydro-

carbon resources, which have become economically feasible since

June 2010. The Mw 4.1 earthquake on 2015 June 13 was recorded in

the Fox Creek area in the Duvernay Formation. The area was char-

acterized by the presence of more than 290 wells between depths

of 2.6 and 4.0 km. During the site hydrofracking procedure, the

stimulation phase (e.g. injection of fluid) was merged with the post-

process (e.g. shut-in) phases. The main event occurred during the

shut-in phase; the average mean pressures, pumping rates, total

pumped fluid volume and proppant weight in the well for individual

stages were 62.6 MPa, 9.4 m3 min−1, 1200 m3, and 240 t, respec-

tively (Schultz et al. 2017). The fluid viscosity was estimated as η

= 0.1–0.2 Pa s.

Focal mechanisms suggested strike-slip motion on a subvertical

fault (strike of 354◦ and dip of 83◦; Wang et al. 2016; Schultz et al.

2017), and the inversion of the moment tensor suggested a 3–4 km

hypocentral depth (Wang et al. 2016).

The azimuth of the field stress was ∼N45◦E (Schultz et al. 2017).

The maximum horizontal stress SH,max plunge was 35◦–42◦, and its

gradient was estimated to be 33 ± 2 kPa m−1 (Shen et al. 2018). The

minimum stress to depth ratio was constrained between ∼17 and

∼21 kPa m−1, and the fluid pressure to depth ratio ranged from ∼10

to ∼21 kPa m−1 (Shen et al. 2018). The fault plane was identified

by strikes and dips of 354◦N and 83◦, respectively.

Considering the orientation of the principal stresses and of the

plane, the normal stress and the effective normal stress acting on

the fault can range between 74.2 and 97.6 MPa and 20–22 MPa,

respectively (Fig. 2g).
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Figure 3. Estimated dynamic friction coefficient versus the Sommerfeld number for induced seismicity cases. The grey empty circles are the experimental

data of Cornelio et al. (2019), while the full markers are the estimated values of dynamic friction and Sommerfeld number for the cases studied (see the legend

in the figure). The three lubrication regimes (BL, ML, and EHD) are delimited by the vertical black dashed lines. The dynamic friction coefficient μdyn in the

three lubrication regimes decays from 0.75 in the BL regime to 0.1 at the boundary between the mixed and fully lubricated regimes.

Figure 4. The multiaxis plot of the Sommerfeld number for the man-induced seismicity range of values and real events for (a) S = 0.001 (end of the boundary

lubrication regime), (b) S = 0.01 (in the mixed lubrication regime) and (c) S = 1 (beginning of the mixed lubrication regime). The blank areas of the graphs

show the combination of η/Peff and L/H2, which required V >10 m s−1 to obtain the imposed S values (S = 0.001, S = 0.01 and S = 1).
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Table 1. Summary of the case study reporting the magnitude, viscosity of the injected fluid, average values of depth, effective stress Peff, moment of magnitude

M0, stress drop 	τ , slip of the event δ = L, asperity size of the fault H and estimated S for slip-rate V=1 m/s

Place Mag η Depth σn Peff M0 	τ L H S (V = 1 m s−1)

(mPa s) (km) (MPa) (MPa) (1e14 N m) (MPa) (m) (mm)

Basel 3.4 1 4.7 97.95 88.45 1.60 6.81 0.16 0.31 2.46 × 10−4

Paradox Valley 4.3 10–30 4.2 79.75 32.49 31.60 10.00 0.14 0.18 1.72 × 10−3

Youngstown 3.9 10–30 3.7 77.40 46.86 12.30 11.83 0.08 0.19 2.27 × 10−3

Prague 5.6 30–50 4.5 79.17 38.67 3645.00 17.20 0.57 1.88 2.23 × 10−3

Timpson 4.7 30–50 3.5 64.85 29.21 221.00 23.06 0.48 1.93 1.49 × 10−2

Pawnee 5.7 30–50 5.5 93.50 93.50 4670.00 22.21 0.98 10.25 1.39 × 10−3

Fox Creek 3.9 100–200 3.5 85.90 21.79 61.22 27.25 0.13 0.19 3.17 × 10−1

Bowland Shale 2.3 100–200 3.6 73.73 18.73 0.03 15.88 0.01 0.01 1.89 × 101

The seismic moment of the event was 3.9 × 1015 – 8.343 ×

1015 N m (Atkinson et al. 2016), and the stress drop 	τ = 5.45

± 1.28 MPa (Clerc et al. 2016). Using eqs (1) and (2), we computed

a rupture radius between 654.6 and 694.31 m, a slip between 0.07

and 0.12 m and an asperity size of H ∼ 0.19 mm. Using the relation

between the slip and the geometry of the fault (eqs 1 and 2), we

computed L/H 2= (7.74 ± 1.36) 106 m m−2.

3.1.8 Mw 2.3 Bowland Shale, Lancashire, UK

In spring 2011, Caudrilla Resources conducted a vertical multistage

hydraulic fracture operation into the Carboniferous Bowland Shales

in Lancashire. The 2011 May 27 earthquake of magnitude 2.3 was

recorded in the Bowland Shale Formation after injection of a mixture

of fluid and proppant (η = 0.1–0.2 Pa.s). The focal mechanism

was strike-slip failure. Consistent with the regional Carboniferous

faulting observed in the seismic reflection data Eisner et al., 2013,

we considered the fault nodal plane dipping at 70◦ with a strike of

40◦. The maximum horizontal stress direction, deduced from both

the drilling-induced tensile fractures and the fast shear wave arrival,

had an orientation of 30◦ to this probable fault plane, which was

identified from the focal mechanism and the 3-D seismic data. The

orientation of the maximum horizontal stress was a plunge of 175◦–

205◦ and trend of 20◦–25◦. The SH,max magnitude in the Bowland

Shale was approximately 28.33–29.46 MPa km–1, and the average

minimum stress was approximately 17–18.3 MPa km−1, while the

vertical stress gradient was approximately 23.57 MPa km−1 (de

Pater & Baisch 2011). The normal stress acting on the fault plane

ranged between 65.42 and 72.41 MPa (Fig. 2h). Considering that a

fluid pressure at the hypocentral depth of 3.5 km was approximately

Pp= 55 MPa (de Pater & Baisch 2011), we can estimate the effective

normal stress acting on the fault as 13.7–25.5 MPa (Fig. 2h).

The seismic moment of the event was 3.20 × 1012 N m (McGarr

et al. 2014). Considering a circular rupture, the radius of the rupture

area can be estimated to be 53.9 and 53.8 m (Green et al. 2012) with

a stress drop of 6.7–9.1 MPa. The coseismic slip associated with the

event was estimated to be approximately 0.01 m and H ∼0.008 mm.

Considering the relation between coseismic slip and fault geometry

(eqs 1 and 2), we can estimate L/H 2= (3.35 ± 1.22) 108 m m−2.

Summary of the parameters for the analyzed case studies are

reported in Table 1.

4 C O M PA R I S O N W I T H T H E O R E T I C A L

A N D E X P E R I M E N TA L F R A M E W O R K S

Fluid overpressure generated by the injection of water, brine,

wastewater or proppants acts against normal stress, reduces the

effective normal stress and facilitates fault reactivation (King Hub-

bert & Rubey 1959). The failure conditions to initiate ruptures are

often evaluated by using the isotropic Mohr–Coulomb theory, where

the critical shear stress (τcrit) is given by τcrit = μ(σn − Pp), where

σn is the total normal stress and Pp is the fluid pressure. Large

overpressure can potentially activate unfavourable oriented faults

(Fig. 2b).

However, the Mohr–Coulomb theory only describes the onset

of fault reactivation, and it ignores the significant weakening and

lubrication that faults experience toward seismic slip (Reches &

Lockner 2010), which is mandatory to understand fluid-induced

earthquake propagation. Until now, lubrication during coseismic

sliding (i.e. sliding velocity V ∼1 m s−1) has been interpreted as a

consequence of a number of processes, such as flash heating (Rice

2006) and melting (Rempel & Rice 2006), decomposition reac-

tions (Han et al. 2007), superplastic flow (De Paola et al. 2015;

Green II et al. 2015) and thermal pressurization (Rice 2006; Vio-

lay et al. 2015; Acosta et al. 2018); many of these processes are

actually thermally triggered (Di Toro et al. 2011 and references

therein). Recently, Cornelio et al. (2019) proposed that a single

mechanism, the EHD, can explain fault weakening when fluids with

high viscosity are involved. The EHD efficiency is governed by a

dimensionless parameter called the Sommerfeld number (S). De-

termining the parameters that define the Sommerfeld number for

fluid-induced earthquakes is not always possible due to the lack

of seismological monitoring of the events. Here, we analysed eight

well-documented case studies of induced seismicity for which it was

possible to determine the parameters required in the calculation of

the S number.

The S number of these events is now compared with those ex-

pected by theory and experimental investigations. The coseismic

slip rate V is fixed at 1 m s−1 (Sibson 1986; Heaton 1990; Fig. 3).

Considering the static stress drop 	τ as the upper bound for the

dynamic stress drop during the event, we computed the maximum

dynamic friction as

μdyn ( α σn − 	τ ) /σn,

where

α = 0.65–0.8 is the static friction coefficient defined by Byerlee’s

law. Fig. 3 reports the eight case studies as well as the theoretical

prediction and experimental data of Cornelio et al. (2019). The ver-

tical dashed lines define the limit of the three lubrication regimes.

Remarkably, the eight case studies follow the same trend as the

experimental and theoretical predictions. For most of the analysed

events, the event occurs under the ML regime, in which the load is

partially supported by the fluid layers and partially supported by the

solid asperities present on the fault. These events are also charac-

terized by an intermediate viscosity of injected fluids (wastewater
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and brine). The events in which proppant was injected appear to be

more on the right part of Fig. 3, close to the transition between the

mixed and the EHD lubrication regime or in the fully lubrication

regime where the stress is only supported by the fluid film on the

slip surface.

To investigate the possible effect of a slip-rate V lower or higher

than 1 m s−1, we use a three-axis plot (Fig. 4); in the background,

we reported the possible variation in the coseismic slip-rate with the

colour bar (from 10−4 to 10 m s−1), the geometrical factor L/H 2

on the y-axis and the fluid parameters η/Peff on the x-axis in the

characteristic range of values of the BL regime (S = 0.001, Fig. 4a),

in the ML regime (S = 0.01, Fig. 4b) and in the EHD lubrication

regime (S = 1, Fig. 4c).

Fig. 4 shows the following:

(1) The Basel main event, produced by the injection of water

(blue marker), cannot be explained by the EHD theory. In fact, the

Sommerfeld number for this event, considering the typical coseis-

mic slip rate (V < 10 m s−1), ranges within the BL regime, and the

EHD theory cannot explain the estimated drop in the shear stress of

12.5 MPa (Goertz-Allmann et al. 2011).

(2) The injection of proppant (black markers), that is, the Fox

Creek and Bowland Shale formation locations, can allow the fault

to slip into the fully EHD lubrication regime, associated with a

smaller friction coefficient (i.e. a lower fault strength).

(3) Most of the man-induced events studied in this paper involve

the injection of wastewater (red markers) and brine (pink markers),

which is characterized by an intermediate viscosity. In the studied

cases, the lower viscosity of the wastewater and that of the brine

compared to the proppant do not allow the fault to reach the EHD

lubrication regime. In these cases, sliding during the man-induced

event could occur in the ML regime (Fig. 4b).

5 C O N C LU S I O N S

We performed a parametric analysis of the parameters that describe

the Sommerfeld number, which is a key parameter assessing the

effectiveness of EHD during seismic sliding. We analysed eight

well-documented cases of induced seismicity events by considering

EHD theory. We observed the following:

(1) Under the assumption of a constant coseismic slip rate V =

1 m s−1, the eight induced seismicity cases follow the decay of the

dynamic friction coefficient as a function of the dimensionless Som-

merfeld number, which was predicted by theory and demonstrated

experimentally by Cornelio et al. (2019).

(2) Removing the assumption of a constant coseismic slip rate,

earthquakes triggered by the injection of proppant can achieve full

EHD lubrication, whereas most of the other cases where fluids with

intermediate viscosities were injected fall into the ML regime. Only

earthquakes triggered by water injection fall into the BL regime and

cannot be explained in the framework of the EHD theory.

In conclusion, in some conditions of effective normal stress Peff

and fault geometry L/H 2, the high viscosity of the injected fluid

during hydraulic reservoir stimulation can enhance fault weaken-

ing through EHD lubrication processes and facilitate the rupture

propagation of man-induced earthquakes.
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Y., 2013. The peak frequency of direct waves for microseismic events,

GEOPHYSICS, 78(8):A45–A49.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/g
ji/a

rtic
le

/2
2
2
/1

/5
1
7
/5

8
2
2
0
5
9
 b

y
 U

n
iv

e
rs

ite
 a

n
d
 E

P
F

L
 L

a
u
s
a
n
n
e
 u

s
e
r o

n
 0

6
 O

c
to

b
e
r 2

0
2
0


