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Abstract Earthquakes in Stable Continental Regions (SCR), where localized present‐day tectonic loading
is negligible, remain difficult to explain. The New Madrid Seismic Zone (NMSZ) is a type‐locale for such
events, with fourM>7 events in 1811–1812 and a regional seismicity that continues to this day. Here, we seek
to determine the most favorable conditions for fault reactivation in such a context using 33 earthquakes in
the 2.1–4.7 magnitude range with well‐determined focal mechanisms while accounting for the vertical
gradient of differential stress with depth. To do so, we developed a Mohr‐Coulomb‐based parametric
analysis of fault reactivation that allows us to vary the orientation of the principal stresses, the shape ratio of
the stress tensor, the fault friction coefficient, the pore fluid overpressure, and the gradient of differential
stress with depth. Doing so, we are able to determine the lowest stress perturbation conditions required for
fault reactivation. Our results show that the reactivation of the faults studied here requires pore fluid
overpressure, unless their friction coefficient is 0.4 or less. We argue that such weak faults are unlikely
and favor a triggering mechanism via deep fluids, possibly upwelling from the upper mantle where a
low‐velocity seismic anomaly could indicate their presence. This mechanism, documented in other
intraplate areas, does not require local tectonic stress or strain accumulation to explain seismicity in active
intraplate regions, where elastic strain is drawn from a prestressed crust.

1. Introduction

The occurrence of large earthquakes in regions far from plate boundaries, where the vast majority of the
Earth's seismic activity takes place, remains poorly understood. Although some stable continental regions
(SCR; Johnston, 1989) appear devoid of seismic activity, others show scattered earthquakes with magnitudes
sometimes larger than 7, with little to no imprint on the geology and topography. Space geodetic measure-
ments have confirmed that seismically active SCRs involve very low strain rates, less than 0.2 mm/year over
characteristic distances of ∼1,000 km (Calais et al., 2006; Craig & Calais, 2014; Nocquet, 2012; Tregoning
et al., 2013). In the absence of present‐day strain accrual, what triggers large earthquakes, as well as swarms
or long‐tailed aftershock sequences in SCRs is still debated. Frequently recurring swarm seismicity around
Novy Kostel in the Czech Republic provides an example of rapid release of stored elastic strain in response
to undoubted fluid injection into a fault network in low‐permeability rocks (Cox, 2016; Fischer et al.,
2014). Man‐made fluid injections are also capable of triggering seismicity in areas where there was none, a
well‐known process linked to the production of oil and gas from tight formations, for example (e.g.,
Ellsworth et al., 2015; Keranen & Weingarten, 2018). Whether natural pore fluid overpressure is a generic
process capable of activating SCR faults in various settings remains an open question.

The New Madrid Seismic Zone (NMSZ) of the central eastern United States is a type‐locale for large SCR
earthquakes. During the Holocene, the region experienced millennial‐scale temporal clustering of earth-
quakes—including a sequence of four M>7 events between December 1811 and February 1812 (Johnston
& Schweig, 1996; Hough et al., 2000; Nuttli, 1973)—interrupted by millennial‐scale, seismically quiescent
intervals (Holbrook et al., 2006; Tuttle et al., 2002). Seismicity continues today, outlining the 1811–1812 rup-
tures of the Cottonwood Grove (CWG) and Reelfoot faults (RF; Johnson et al., 2014; Mueller et al., 2004;
Figure 1). For some, this current seismicity is the long‐term aftershock sequence of the 1811–1812 events,
a transient feature that is therefore not indicative of the long‐term earthquake potential of the area (Calais
& Stein, 2009; Stein & Liu, 2009).

For others, it implies continued tectonic strain buildup and release on favorably oriented faults prone to reac-
tivation (Hurd & Zoback, 2012; Page & Hough, 2014), with localized accrual of tectonic stress at a significant
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rate as a result of lateral rheological heterogeneities. Various contributions have been invoked such as a
locally weak lower crust (Kenner & Segall, 2000), a locally dense lower crust (Levandowski et al., 2016), or
a low‐velocity upper mantle (Chen et al., 2014; Pollitz & Mooney, 2014a). Under such conditions, the
NMSZ may be able to localize tectonic stress at present if regional‐scale displacements are significant
(Zhan et al., 2016), which however does not appear to be the case today (Boyd et al., 2015; Craig & Calais,
2014). Alternately, elastic strain energy for recent and future earthquakes may be provided by Glacial
Isostatic Adjustment (GIA; Grollimund & Zoback, 2001; Hough & Page, 2011) although different GIA
models reach opposite conclusions (Wu & Johnston, 2000). In this view, the NMSZ is equivalent to a very
slow plate boundary fault where tectonic and/or GIA strain accrual brings faults to rupture on a recurrent
basis, so that its current seismicity is a reliable guide for future large events.

Here, we ask whether earthquakes of the NMSZ with well‐determined source mechanisms are triggered by
tectonic loading or by local stress perturbations. The quality of the source mechanisms is evaluated from the
original publications based on the calculation technique used, the magnitude of the earthquakes, the num-
ber of stations used in the calculation, and their azimuthal coverage. We develop a parametric analysis based
on the Mohr‐Coulomb theory in order to determine the most favorable conditions for fault reactivation,
while allowing the magnitude and orientation of the principal stress axes, the coefficient of friction, the pore
fluid pressure, and the vertical gradient of the differential stress to vary. Uncertainties on earthquake loca-
tion and depth are not considered during the parametric analysis. This parametric analysis seeks to improve
upon similar studies conducted by fixing most of these parameters to a priori values, including pore fluid
pressure (e.g., Hurd & Zoback, 2012; Johnson et al., 2014). The approach outlined below seeks to determine
the lowest pore fluid overpressure required to activate NMSZ earthquakes while allowing other
parameters to vary.

Figure 1. Seismicity map of the New Madrid area, central eastern United States, from 1974 to 2018 shown with yellow dots (CERI, 2018). The focal mechanisms
of the 33 events used in this study are shown. The seismicity highlights four major faults: the Reelfoot fault (RF), the New Madrid North (NMN) fault, the Risco
fault, and the Cottonwood Grove (CWG) fault. Background color corresponds to elevation.
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2. Seismological and Geological Setting

The central eastern United States is underlain by Precambrian terranes welded together to form the North
American craton. The Reelfoot rift, which hosts the NMSZ (Braile et al., 1982, 1986), is a northeast trending,
300‐km‐long, 70‐km‐wide graben affecting the 1,470‐Ma‐old Eastern Granite Rhyolite Province (Figure 1;
Atekwana, 1996; Csontos & Van Arsdale, 2008; Dart & Swolfs, 1998; Van Schmus et al., 1996). It is part of
a network of intracratonic faults resulting from late‐stage crustal extension during the breakup of the
Rodinia supercontinent and the opening of the Iapetus Ocean in late Precambrian to Cambrian (∼565–
495 Ma) (Thomas, 2014). During rifting, up to 8 km of Cambrian sediment accumulated in the Reelfoot rift
(Csontos & Van Arsdale, 2008).

The Reelfoot rift subsequently underwent compressional tectonics in the late Paleozoic, coincident with the
assembly of the Pangea supercontinent (∼300 Ma) during the Appalachian orogeny. During these successive
episodes of extension and compression, deformation in the Reelfoot rift localized along northeast and north-
west striking faults (Csontos et al., 2008; Nelson & Zhang, 1991), sealed by up to 5 km of Paleozoic,
Cretaceous, and Tertiary marine sediments topped by an Eocene‐Quaternary unconformity in the
Mississippi embayment (Van Arsdale, 2000). During most of the Pleistocene, alluvial deposits accumulated
within the embayment before a rapid late Pleistocene erosional episode by deglacial melt water at the transi-
tion from glacial to interglacial conditions (Rittenour et al., 2007).

The NMSZ is a narrow region of localized seismicity that coincides with the center of the Reelfoot paleo‐rift
in the upper Mississippi embayment (Figure 1). Seismicity is distributed throughout the upper crust, with a
majority of events occurring below 5 km, in the crystalline basement. Seismicity defines a SSW‐NNE striking
branch associated with the CWG and connects to the north with a broader cluster of events that mark the
NW‐SE striking RF. The former consistently shows right‐lateral strike‐slip faulting events, while the latter
shows a combination of normal, reverse, strike‐slip, and oblique slip mechanisms. Two smaller seismically
active segments develop to the northwest, the NNE‐SSW trending New Madrid North (NMN) fault and
NW‐SE trending Risco fault, dominated by right‐lateral and left‐lateral strike‐slip events, respectively
(Johnson et al., 2014; Herrmann & Canas, 1978; Shumway, 2008). Overall, the NMSZ is classically inter-
preted as a right‐lateral strike‐slip system along the CWG and NMN faults, with a compressive left stepover
along the RF.

Crustal and upper mantle structures beneath the NMSZ are well studied, thanks to a number of active and
passive seismic experiments. The most notable crustal feature is a high velocity anomaly just above the
Moho, interpreted by some as a mafic body, or “rift pillow,” that formed during the initiation of the
Reelfoot rift (Braile et al., 1982; Hildebrand & Easton, 1995; Mooney et al., 1983). Body wave and surface
wave seismic tomography studies consistently show anomalously low seismic velocities in the upper mantle
that may sign the presence of deep fluids beneath the NMSZ (Nyamwandha et al., 2016; Pollitz &
Mooney, 2014b).

The NewMadrid region was struck by four earthquakes of magnitude 7 or greater in 1811–1812 (Johnston &
Schweig, 1996; Hough et al., 2000) and is currently undergoing low‐level seismic activity, with earthquakes
rarely exceeding magnitude 3 (CERI, 2018; Page & Hough, 2014). Although once debated (Calais et al., 2005;
Smalley et al., 2005), the current rate of strain accumulation on faults within the NMSZ is undistinguishable
from zero, with a 95% confidence upper bound of 0.2 mm/year over about 500 km (Boyd et al., 2015; Craig &
Calais, 2014).

Recent research has shown that faults other than the seismically active NMSZ have been active in the
Quaternary—possibly the Holocene for some of them—within the broad upper Mississippi embayment
region (e.g., Cox et al., 2013; Guo et al., 2014; Hao et al., 2013). The currently seismically active NMSZ is
therefore only one of several regional faults that have experienced recent seismic activity. However, none
of these other faults appear to be currently seismically active, while current regional seismicity appears to
be limited to the fault segments that ruptured in 1811–1812. There is no clear explanation for this observation
at the moment, though it may indicate that fault activity is “clustered and migrating” (Crone et al., 1992;
1997; Liu et al., 2011).

The tectonic stress field in the United States is characterized by a lateral transition from horizontal extension
in the central eastern United States to horizontal compression in the southeastern Canada (e.g., Hurd &
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Zoback, 2012; Levandowski et al., 2018). In the New Madrid region, the tectonic stress field shows a pure
strike‐slip regime with an ENE‐WSW trending maximum horizontal stress (Johnson et al., 2014; Hurd &
Zoback, 2012). This is confirmed by a recent stress tensor inversion for the continental United States
(Levandowski et al., 2018), which, in addition, shows a broad spatial wavelength variability in the state of
stress across the continent.

3. Description of the Parametric Analysis

The NMSZ provides a favorable testing for the exercise described below because of its seismicity level, a good
seismic network that allows for the determination of precise focal mechanisms for the largest events, and a
relatively simple tectonic setting far from active plate boundaries. The main goal of the parametric analysis
presented here is to find the conditions for which faults are most easily reactivated, using fewer a priori
hypotheses than previous studies that had a similar objective. Our method is based on the Mohr‐Coulomb
theory, under which the reactivation of a fault with a given strike and dip is a function of the magnitude
and orientation of the principal stresses, the fault coefficient of friction μs, the vertical gradient of differential
stress k, and the pore fluid pressure. A range of combination of these parameters may obviously allow for
fault reactivation. Our approach aims at determining the lowest pore fluid pressure required for reactivation
while allowing other parameters to vary.

The major improvement of our analysis over previous studies of fault reactivation is the minimum con-
straints we impose on the parameters that control fault reactivation. Indeed, we only assume that (1) one
of the principal stress axes is vertical, in agreement with Hurd and Zoback (2012), (2) the crust is fully satu-
rated with hydrostatic pore fluid pressure, as justified in Townend and Zoback (2000), and (3) differential
stress increases linearly with depth (Streit, 1999). We assume a homogeneous stress field and do not account
for the static stress changes associated to large earthquakes such as those of the 1811–1812 New Madrid
sequence (Mueller et al., 2004), as their calculation would be too uncertain given the available information.
While doing so, we allow the fault friction coefficient and the vertical gradient of differential stress to vary
and the nonvertical principal stresses to rotate.

In comparison, the study of Hurd and Zoback (2012), which analyzed the reactivation of 12 focal mechan-
isms in the NMSZ (see Table 1), assumes that optimally oriented fault planes are reactivated under hydro-
static pore fluid pressure, which implies that the great Mohr circle (σ1,σ3) is tangent to the reactivation
envelope. This assumption simplifies the analysis by removing the need to quantify differential stress.
Also, the local direction of SHmax and SHmin is fixed and the τ/σn ratio required for reactivation is com-
puted for a range of strikes and dips by rotating the fault plane within ±45°. This approach therefore deter-
mines whether a fault plane is favorably oriented or misoriented within the regional stress field (e.g., Leclère
& Fabbri, 2013; Morris et al., 1996). However, it does not provide information on whether the fault is close to
reactivation, which depends on the actual value of differential stress and pore fluid pressure at seismogenic
depth (e.g., Cox, 2010).

Under the theory of Mohr‐Coulomb, slip occurs when the criterion

τ ¼ μs σn−Pf
� �þ C (1)

is satisfied, with τ and σn being, respectively, the shear stress and normal stress applied on the fault, μs the
coefficient of friction, Pf the pore fluid pressure, and C the fault cohesion. Here we assume cohesionless faults
so that C is not part of the following parametric analysis. The NewMadrid faults may not be cohesionless, as
the very low regional strain rate that should promote healing. However, the stress perturbation required for
reactivation is smaller for cohesionless faults (C=0) than for cohesive ones (C>0) as shown in equation (1).
Therefore, assuming cohesionless faults contributes to minimizing the stress perturbation required for fault
reactivation. In other words, if the New Madrid faults were cohesive, then stress perturbations larger than
the ones calculated here would be required for reactivation.

In the case of the NMSZ, we set the intermediate stress axis σ2 to be vertical and the largest principal stress
axis σ1 to strike N80°E, based on previous regional stress inversions conducted in the study area (Hurd &
Zoback, 2012; Johnson et al., 2014; Levandowski et al., 2018). We use a set of 33 earthquake focal mechan-
isms determined using either waveform modeling (Herrmann, 1979; Herrmann & Ammon, 1997; Hurd &
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Zoback, 2012) or first arrivals (Shumway, 2008). Twelve of them were previously analyzed by Hurd and
Zoback (2012). These events span the 1962–2010 time interval, with magnitudes ranging from 2.1 to 4.7,
and depths ranging from 0.5 to 15 km (Table 1). The use of focal mechanisms requires the identification of
the actual fault plane and its auxiliary plane. Here, we conduct the analysis on both nodal planes, then
retain the plane that is the most easily reactivated. This serves, again, to minimize the stress perturbation
required for fault reactivation.

We compute τ and σn using Cauchy's formulae for a range of (1) orientations andmagnitudes of the principal
stress axes and (2) fault friction coefficient values μs. From this, we find the set of parameters under which a
given fault plane is most easily reactivated, which we hereafter call the “most favorable condition.” The most
favorable condition for the reactivation of a cohesionless fault plane has the highest τ/σn ratio, which corre-

sponds to the theoretical friction coefficient μtheos for reactivation without stress perturbation.

If μtheos is equal to or lower than the fault friction μs, then no stress perturbation is needed to reactivate the

fault. Conversely, if μtheos is larger than the friction coefficient μs, then a stress perturbation is required for
reactivation that corresponds to pore fluid pressure Pf in the Mohr‐Coulomb criterion. Here we assume that
this stress perturbation is the result of the development of pore fluid overpressure, that is, pore fluid larger
than hydrostatic.

Table 1
List of the 33 Earthquake Focal Mechanisms Used in This Study

# Year Month Day Hour Minute Second Latitude Longitude Depth (km) Magnitude Strike Dip Rake Reference

1 1962 2 2 6 43 0 36.37 89.51 7.5 4.2 350 84 145 Herrmann (1979)
2 1963 3 3 17 30 0 36.64 90.05 15 4.7 304 78 −28 Herrmann and

Ammon (1997)
3 1965 8 14 13 13 0 37.22 89.31 1.5 3.6 2 70 −20 Herrmann (1979)
4 1965 10 21 2 4 0 37.48 90.94 5 4.6 260 40 −70 Herrmann (1979)
5 1967 7 21 9 14 0 37.44 90.44 15 4 350 60 135 Herrmann and

Ammon (1997)
6 1970 11 17 2 13 0 35.86 89.95 16 4.1 220 75 150 Herrmann (1979)
7 1975 6 13 22 40 0 36.54 89.68 9 3.7 85 60 −20 Herrmann (1979)
8 1976 3 25 0 41 0 35.59 90.48 12 4.6 220 65 150 Herrmann (1979)
9 1990 9 26 13 18 0 37.16 89.58 15 4.28 140 75 50 Herrmann and

Ammon (1997)
10 1991 5 4 1 18 0 36.56 89.83 8 4.1 90 67 20 Herrmann and

Ammon (1997)
11 1994 2 5 14 55 0 37.36 89.19 16 3.8 30 70 170 Herrmann and

Ammon (1997)
12 1996 11 29 0 0 0 35.97 90 11 3.8 120 65 15 Hurd and Zoback (2012)
13 1998 4 8 18 16 49 36.94 88.99 7.62 2.7 24 31 71 Shumway (2008)
14 1998 5 11 8 7 15 36.89 89.03 2.66 2.8 239 83 −1 Shumway (2008)
15 1998 9 17 8 46 41 36.85 89.44 4.6 2.6 291 86 −6 Shumway (2008)
16 1999 5 27 6 0 4 36.72 89.49 4.19 2.1 116 54 −59 Shumway (2008)
17 1999 6 22 7 5 35 36.86 89.43 5.21 2.3 146 86 4 Shumway (2008)
18 1999 7 6 9 29 1 37.06 88.82 4.25 2.3 225 85 1 Shumway (2008)
19 2000 6 27 6 2 57 37.13 88.83 4.19 2.8 246 75 −1 Shumway (2008)
20 2000 8 3 8 53 39 37.12 88.79 5.07 2.4 281 90 35 Shumway (2008)
21 2002 5 7 10 13 54 36.75 89.17 5.56 2.4 300 5 0 Shumway (2008)
22 2002 6 20 2 11 40 36.45 89.31 13.73 2.2 12 70 79 Shumway (2008)
23 2003 6 6 0 0 0 36.89 89.01 0.5 4 250 80 155 Hurd and Zoback (2012)
24 2003 10 18 5 59 46 36.82 89.34 3.6 2.3 330 85 0 Shumway (2008)
25 2004 2 12 6 49 49 37.08 88.93 9.3 2.4 285 42 −71 Shumway (2008)
26 2004 6 15 0 0 0 36.73 89.68 4.5 3.5 175 55 70 Hurd and Zoback (2012)
27 2004 7 16 0 0 0 36.86 89.17 4 3.5 43 71 159 Hurd and Zoback (2012)
28 2005 2 10 0 0 0 35.75 90.23 14 4.1 55 80 −165 Hurd and Zoback (2012)
29 2005 3 15 4 24 18 36.84 89.22 5.43 2.4 198 60 −84 Shumway (2008)
30 2005 5 1 0 0 0 35.83 90.15 8 4.2 315 60 20 Hurd and Zoback (2012)
31 2005 6 2 0 0 0 36.14 89.46 15 3.9 155 65 70 Hurd and Zoback (2012)
32 2005 6 20 0 0 0 36.95 88.96 9 3.7 315 80 10 Hurd and Zoback (2012)
33 2010 3 2 0 0 0 36.79 89.36 5 3.4 211 86 135 Hurd and Zoback (2012)
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The parametric analysis is based on three steps (Figure S1 in the supporting information) that are described
below: (1) selection of all the possible stress tensors, described by their shape ratio Φ and the strike of σ1,
which explains the direction and sense of shear along each fault plane, (2) calculation of the maximum dif-
ferential stress that the fault plane can support before the intact rock fails, and (3) calculation of the pore
fluid overpressure required to reactivate the fault plane, if it is needed.

3.1. Step 1: Stress Tensor and Compatible Φ Values

The Φ value of a stress tensor, which describes the position of σ2 relative to σ1 and σ3, is defined by

Φ ¼ σ2−σ3

σ1−σ3
: (2)

For a given fault and given principal stress axes directions, Φ controls the direction and sense of shear
(Angelier, 1990; Bott, 1959; Xu et al., 2017).

In this work, we allow the principal stress axis σ1 to rotate by ±20° about its regional mean strike of N80°E.
For each fault plane and direction of σ1 (from N60°E to N100°E), we compute the direction and sense of
shear along the selected fault plane while varying Φ following the method described in Xu et al. (2017).
We keep for step 2 the Φ values that explain the observed direction and sense of shear within ±10°. We call
them hereafter “compatible Φ values.” This ±10° value corresponds to one third of the ±30° value classicaly
used in stress inversions, and it took indirectly into account focal mechanisms incertainties (e.g., Delvaux &
Sperner, 2003). We choose a lower value because allowing for a value greater than 10 would lead to a wider
range of compatible Φ values, then to most favorable conditions that would, in the end, not be in agreement
with the initial focal mechanism.

Figure 2 shows as horizontal bars the compatible Φ values for each focal mechanism included in the data set
and for three directions of σ1, N60°, N80°, and N100°. Red bars indicate the range over which stresses are
lower than the maximal differential stress that the intact rock can support, as explained below.

3.2. Step 2: Calculation of the Maximum Differential Stress

An increase of differential stress promotes fault reactivation, which, as a result, lowers the pore fluid pressure
needed to reactivate misoriented faults (Cox, 2010). However, if the differential stress becomes too high, a
new fault optimally oriented within the local stress field will form, preventing the reactivation of misoriented
faults (Figures 3a–3d). Therefore, for each fault and for each value of compatible Φ, μs, and σ1 strike, there is
a maximum differential stress σDmax that allows for fault reactivation before failure of the intact rock.

We use the failure mode diagram proposed by Cox, (2010; Figure 3a) to calculate this maximum differential
stress σDmax, assuming a constant rock density ρ of 2,600 kg/m3, a tensile strength T of 17.5 MPa for crystal-
line rocks corresponding to a cohesion C=2T and a friction coefficient μintact of 0.75 for the intact rock (mean
value of Byerlee's law, Byerlee, 1978), and 0.4 to 0.6 for fault planes. We deliberately choose a maximal value
of fault plane friction of 0.6—the lower bond of the Byerlee's law—in order to minimize the pore fluid over-
pressures required for fault reactivation. Using larger values, up to 0.85, for instance, would lead to pore fluid
overpressure estimates larger than the ones calculated here. σDmax is the intersection between the reactiva-
tion envelope and the failure envelope represented by white dots in Figure 3a. In a Mohr‐Coulomb diagram,
σDmax is reached when the great Mohr circle (σ1−σ3) is tangent to the failure envelope, as shown in Figure 3b.

We then calculate, for each focal mechanism in the data set, the maximum differential stress σDmax that cor-
responds to the range of compatible Φ values obtained in step 1. This is done by (1) computing a diagram
similar to Figure 3a for the depth of the event, the direction of σ1, and the Φ value using the methodology
described in Cox (2010), and (2) finding the intersection between the failure envelope (thick black line on
Figure 3a) or the hydrostatic condition (horizontal thick gray line on Figure 3a) and the reactivation envel-
ope (thin black lines on Figure 3a). We do this for the range of static fault friction μs from 0.4 to 0.6 tested
here. The resulting range of σDmax is shown with a horizontal bar on Figure 4 for each focal mechanism,
as a function of the depth of the event, and for μs=0.6.

We assume the differential stress σD to increase linearly with depth and test three values of its vertical gra-
dient k derived from borehole stress measurements (Quinones et al., 2018; Streit, 1999): a lower bound

10.1029/2018JB017181Journal of Geophysical Research: Solid Earth

LECLÈRE AND CALAIS 10,635



value of 10 MPa/km, an intermediate value of 15 MPa/km, and an upper bound value of 20 MPa/km. The
thin black lines on each panel of Figure 4 represents the linear evolution of the differential stress σD with
depth for these three values of k. They define the boundary between the area where the available
differential stress is large enough to fracture intact rock, hence preventing fault reactivation, and the area
where differential stress allows for fault reactivation before a new fault, optimally oriented within the
local stress field, can form.

These two possibilities are coded in red and black on Figure 4: horizontal black bars fall in the area where the
available differential stress (for a given k) is larger than the maximum differential stress the rock can sustain
before failure of the intact rock, while red bars fall in the area where the available differential stress is lower
than this maximum differential stress, hence where reactivation is possible. We only retain for the next step
the maximal differential stress values shown in red where σDmax is greater than the available
differential stress.

3.3. Step 3: Calculation of the Pore Fluid Overpressure

We are now in a position to compute the pore fluid pressure Pf required for fault reactivation by combining
Cauchy's formulae and the Mohr‐Coulomb criteria. We have at our disposal, for each event in the catalog
and for each strike of σ1, the depth, the available differential stress at that depth (for a given k), and the range
of compatible Φ values for that event (red bars on Figures 2).

The Cauchy's formulae provide τ and σn as a function of σ1,σ2, and σ3 as follows:

Figure 2. Range of Φ ratio values that explain the observed slip vector for each fault plane with an angular misfit less than 10° and for different strikes of
σ1 (N60° [left column], N80° [middle column], and N100° [right column]). Results shown here use a friction coefficient of 0.6. Red horizontal bars are the Φ
values used for the calculation of the pore fluid overpressure on Figure 5. Black horizontal bars are rejected values due to failure of the intact rock before the fault
can be reactivated.
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τ2 ¼ ðσ1−σ2Þ2l2m2 þ ðσ2−σ3Þ2m2n2 þ ðσ3−σ1Þ2l2n2 (3)

and

σn ¼ l2σ1 þm2σ2 þ n2σ3 (4)

where l,m, and n are the direction cosines between the normal to the fault plane n and the principal stresses
σ1, σ2, and σ3, respectively.

The magnitude of σ2 is simply ρ g zwhere g is the acceleration of gravity and ρ the rock density. The values of
σ1 and σ3 can then be computed, for a given Φ, using:

σ3 ¼ σ2−ΦσD (5)

with

σD ¼ k·z (6)

and

σ1 ¼ σ3 þ σD (7)

The pore fluid pressure Pf required to reactivate faults can then be computed using equation (1) (with C=0,
see above) as

Figure 3. (a) Example of a failure mode diagram, as developed by Cox (2010), which allows us to compute the maximum differential stress that a fault can support
before failure of the intact rock. Note that this is a generic example meant to illustrate the principle of failure mode diagrams—its values do not correspond to a
specific set of parameters used in this study. Thick black line is the failure envelope of the intact rock, along which new faults would form before reactivation. The
thin black lines are the reactivation envelopes for various values of the static coefficient of friction μs. The intersections between the reactivation and failure
envelopes correspond to the maximum differential stress allowing fault reactivation. We assume the crust is fully saturated at hydrostatic pore fluid pressure, which
also limits that maximum differential stress. The five white dots show examples of the maximum differential stress in this example. (b–d) Schematic Mohr
diagrams illustrating whether a fault plane can be reactivated. Straight red lines show reactivation envelope, straight black lines show failure envelope. Black
dot show the location of a particular fault. (b) The great Mohr circle is tangent to the failure envelope (σD=σDmax) and the fault is on the reactivation envelope—it is
therefore reactivated. (c) The great Mohr circle is initially below the reactivation envelope (dashed circles). Reactivation of the fault requires an increase of pore
fluid pressure (black circles) and/or an increase of differential stress (gray circles). (d) The greatMohr circle is above the failure envelope (σD>σDmax) and the fault is
below the reactivation envelope—reactivation is impossible.
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Pf ¼ μsσn−τ
μs

(8)

where the fluid overpressure ΔPf=Pf−ρwatergz.

Figure 5 shows the resulting range of pore fluid overpressure values required to reactivate faults in our
data set for three values of σ1 strike, and vertical gradient of differential stress k. If the lower end of the
red bar reaches zero, then fault reactivation does not require pore fluid overpressure for the range of
parameters tested here. If it does not, then the lower end of the red bar corresponds to the minimum
pore fluid overpressure required for fault reactivation. As one expects, we observe that for a given
strike of σ1, increasing the differential stress gradient k reduces the pore fluid overpressure required
to reactivate faults but also decreases the number of planes that can be reactivated before failure of
the intact rock.

An alternate representation of this search process is illustrated withMohr diagrams on Figure 6 for two of the
focal mechanisms considered here. The entire data set is shown on supporting information Figure S2. On this
figure we use in each case the σ1 direction that corresponds to the minimum ΔPf, the upper bound of the dif-
ferential stress gradient k=20 MPa/km, and a static fault friction μs=0.6. Using these parameters, we con-
struct Mohr diagrams for the range of compatible Φ values for each focal mechanism (red bars on Figures
2 and 4). One Mohr diagram corresponds to one fault plane and its compatible Φ values. Figure 6a shows

Figure 4. Range of maximal differential stress values σDmax before failure of the intact rock for different strikes of σ1 (N60° [left column], N80° [middle column],
and N100° [right column]). Results shown here use a friction coefficient of 0.6. Oblique black lines show the available differential stress as a function of depth
assuming three values of the vertical gradient of differential stress k (10, 15, and 20 MPa/km). Horizontal black bars fall in the area where the available differential
stress (for a given k) is larger than the maximum differential stress the rock can sustain before failure of the intact rock. Red bars fall in the area where the
available differential stress is lower than this maximum differential stress, hence where reactivation is possible. The length of the red bars and the number of
planes that can be reactivated n decrease as the vertical gradient of differential stress increases, because large differential stress values can lead to intact rock failure
before fault reactivation.
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a case where the range of compatible Φ values includes a fault plane in Mohr circle that reaches the reactiva-
tion envelope. As the fault plane gets closer to the reactivation envelope, the pore fluid overpressure required
for reactivation, shown by a colored dot, decreases to zero. Figure 6b shows a case where the range of com-
patibleΦ values never leads to a fault plane inMohr circle that reaches the reactivation envelope. As the fault
plane gets closer to the reactivation envelope, the pore fluid overpressure required decreases as well but
never reaches zero. In that case, the minimum pore fluid overpressure ΔPf required for reactivation
is 84.5 MPa.

4. What Are the Most Favorable Conditions for Reactivation?

We now seek, for each tested value of friction coefficient μs and differential stress gradient k, the lowest fluid
overpressure value necessary to reactivate each fault plane within the NMSZ source mechanism data set
given the range of σ1 directions tested here. We call this combination of parameters the “most favorable con-
ditions.” These conditions correspond to the darkest blue point on eachMohr‐Coulomb diagram of Figures 6
and S2.

Figure 7 shows, in map view, the strike of σ1 and the fluid overpressure value under the most favorable con-
ditions in the case of a 20‐ and 15‐MPa/km differential stress gradient k and a friction coefficient of 0.6, 0.5,
and 0.4. We discuss separately below the role of local stress rotations, pore fluid overpressure, and fault fric-
tion on fault reactivation.

Figure 5. Range of pore fluid overpressure values required to reactivate faults in our data set for three values of σ1 strike and vertical gradient of differential stress k.
Here we only retained the Φ values that allow for fault reactivation, shown by red bars on Figure 2. Results are shown for three different strikes of σ1 (N60°
[left column], N80° [middle column], and N100° [right column]) and three values of the vertical gradient of differential stress k (10, 15, and 20 MPa/km).
Results shown here use a friction coefficient of 0.6. An increase of the vertical gradient of differential k lowers the pore fluid overpressure required to reactivate
faults. n is the number of fault planes that can be reactivated.
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Figure 6. Mohr diagrams for two of the focal mechanisms in the database. Straight red lines show reactivation envelope, blue lines show intact rock failure
envelope. For each event, we draw a series of 3‐D Mohr circles for the range of compatible Φ values for each focal mechanism (red bars on Figures 2 and 4).
This figure uses k=20MPa/km and μs=0.6. (a) The range of compatible Φ values includes a Mohr circle that intersects the reactivation envelope so that reactivation
does not require pore fluid overpressure. As the Mohr circle gets closer to the reactivation envelope, the pore fluid overpressure required for reactivation,
shown by a colored dot, decreases to zero. (b) The range of compatible Φ values never leads to a Mohr circle that intersects the reactivation envelope. As
the Mohr circle gets closer to the reactivation envelope, the pore fluid overpressure required decreases as well but never reaches zero. Here reactivation
requires a minimum pore fluid overpressure of 84.5 MPa.

Figure 7. Maps of the σ1 strike and pore fluid overpressure values ΔPf for the most favorable conditions and three values of the coefficient of friction (μs = 0.6
[left column], 0.5 [middle column], and 0.4 [right column]) and for two values of differential stress gradient k (15 [top row] and 20 [bottom row] MPa/km).
Bars indicate the strike of σ1 and colors the magnitude of ΔPf. Location of the New Madrid North Fault, Reelfoot Fault, and Cottonwood Grove Fault are indicated
on Figure 1.
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4.1. Role of Local Stress Rotations

Figure 7 shows that most of the 33 focal mechanisms used in this study can be reactivated provided that the
direction of σ1 rotates locally in the N60°E to N100°E range. Under these conditions, 29 events can be reac-
tivated for a friction coefficient between 0.6 and 0.4. The four remaining fault planes that are not plotted on
Figure 7 have a misfit angle larger than 10° for the range of σ1 strike and Φ values. The reactivation of these
fault planes requires a different stress regime or larger horizontal stress rotation. On Figure 7, the mean σ1
direction required is approximately ENE‐WSW along the Reelfoot (RF) fault and E‐W along the CWG and
NMN faults.

This does not prove that local stress rotations indeed occur, but illustrates, as expected, that stress rotations
promote fault reactivation under the most favorable conditions. Conversely, if local stress rotations were not
present, then fault reactivation would require effective stress perturbations—such as pore fluid overpressure
—larger than those computed here.

4.2. Role of Pore Fluid Overpressure

Figure 7 shows that pore fluid overpressure up to∼120MPa is required to reactivate the faults in our data set,
regardless of local σ1 rotations. The total pore fluid pressures can then be compared to the hypocentral depths
to see if they fall with the hydrostatic, sublithostatic or lithostatic domains (supporting information Figure
S4). To do this, the pore fluid pressures can be converted to pore fluid factor λv=Pf/(ρ g z) with sublithostatic
maximal values of 0.68, 0.76, and 0.81 for respective k values of 20, 15, and 10MPa/km and for μs equal to 0.6.
Among the 29 fault planes, only 14 can be reactivated with a pore fluid overpressure less than 5 MPa for a
differential stress increase with depth σD of 20 MPa/km and for a fault friction coefficient of 0.6, the lower
limit of Byerlee's law (Figure 8a). These fault planes are distributed between the CWG, RF, and NM faults
except two fault planes located further west of the NMN. This number decreases to 10 and 4 when the vertical
differential stress gradient k drops, respectively, to 15 and 10MPa/km (Figures 7, 8b, and 8c). A similar beha-
vior can also be observed when considering the pore fluid factor λv, with lower pore fluid factor values
required for reactivation when friction coefficient μs and increase of differential stress with depth k are low-
ered (Figures 8d–8f).

Larger friction coefficients, not tested here but consistent with the 0.6–0.85 range of Byerlee's law and cohe-
sive faults (C>0) would require even larger pore fluid overpressure for fault reactivation.

4.3. Role of Fault Friction Coefficient

If weak minerals such as clays are present within faults, their static coefficient of friction μs can drop below
0.6 (Behnsen & Faulkner, 2012; Moore & Lockner, 2004). Figures 7 and 8 show that a reduction of μs lowers
the pore fluid overpressure required for fault reactivation and also increases the number of fault planes that
can be reactivated with pore fluid overpressure lower than 5 MPa. With a friction coefficient of 0.5 and a dif-
ferential stress gradient k of 20MPa/km, the fault planes that can be reactivated with low pore fluid overpres-
sure (<5 MPa) are preferentially located along the CWG and NMN faults rather than on the RF fault
(Figure 7). Faults in the RF area thus appear to be the strongest but still need pore fluid overpressure to be
reactivated, even for a coefficient of friction as low as 0.5. For an even lower friction coefficient of 0.4 and
for a differential stress gradient k of 20 MPa/km, all but four fault planes can be reactivated with a pore fluid
overpressure lower than 5 MPa, as shown on Figures 7 and 8.

To further illustrate how a reduction of the static coefficient of friction μs promotes fault reactivation, we sort
the 29 fault planes into three categories based on their reactivation pore fluid overpressure values from
Figure 7: (i) low overpressure, 0 to 5MPa, (ii) intermediate overpressure, 5 to 30 MPa, and (iii) high overpres-
sure, above 30 MPa. We show on Figure 8 how the number of reactivated fault planes varies as a function of
friction for three values of gradient of differential stress. For k=10 MPa/km, a decrease of the coefficient of
friction does not significantly facilitate the reactivation of fault planes that require intermediate pore fluid
overpressure and low pore fluid overpressure, in particular when μs<0.55. For a larger vertical gradient of
differential stress k, a decrease of the coefficient of friction facilitates the reactivation of fault planes that
require low pore fluid overpressure, with an opposite effect—for k=20 MPa/km—on the planes requiring
high and intermediate pore fluid overpressure. A reduction of friction on fault reactivation is therefore more
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effective for high values of differential stress gradient. However, we do not observe a fault friction threshold
under which fault reactivation would be strongly reduced.

5. Discussion
5.1. Why Are Low Friction or Fluid Overpressure Necessary?

The parametric analysis described above shows that the reactivation of faults without pore fluid overpressure
in our data set is possible but not easy, as it requires local σ1 rotations of ±20°, a large vertical gradient of
differential stress k (at least 20 MPa/km), and weak faults (friction coefficient lower than 0.6). Unless those
conditions are met together, the reactivation of most faults in our data set requires pore fluid overpressure.

These results differ from those of Hurd and Zoback (2012), who analyzed the reactivation of 12 focal mechan-
isms also included in our analysis (Table 1), but concluded that shear failure on the preferred nodal planes
did not generally require reduced fault friction or elevated pore fluid pressure. This difference stems from
their hypothesis that the great Mohr circle (σ1−σ3) is always tangent to the reactivation envelope. This
assumption, inherited from the so‐called “slip‐tendency” method (Leclère & Fabbri, 2013; Morris et al.,
1996), allows one to fix the position of the fault plane in the Mohr space, hence avoiding a priori knowledge
of differential stress. Within this stress state where differential stress is, de facto, fixed, one can then readily
describe fault planes as well oriented or misoriented (Sibson, 1985). Using the 3‐D fault reactivation model
developed by Leclère and Fabbri (2013), we show that more than 60% of the fault planes are favorably

Figure 8. Effects of the reduction of the friction coefficient on fault reactivation. Fault planes are sorted into three categories: (i) low pore fluid overpressure
(0<ΔPf<5 MPa or 0.37<λv<0.4), (ii) intermediate pore fluid overpressure (5<ΔPf<30 MPa or 0.4<λv<0.6), (iii) high pore fluid overpressure (ΔPf>30 MPa or
λv>0.6). (a–c) Evolution of pore‐fluid overpressure when changing friction coefficient. (d–f) Evolution of pore‐fluid factor λv when changing friction coefficient.
See explanations in the text.
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oriented for reactivation with a static friction coefficient of 0.6 (supporting information Figure S3). However,
the reactivation of an optimally oriented fault also depends on the differential stress—an optimally oriented
fault under a constant magnitude σ1 gets closer to reactivation as differential stress increases (e.g., Cox, 2010;
Leclère & Fabbri, 2013). Our approach does not negate that conducted by Hurd and Zoback (2012) but goes
one step further by removing the constraint that the differential stress is always such that rupture will occur.
Lifting this constraint shows that the effect of reduced friction or pore fluid overpressure can actually be
important to promote fault reactivation.

Stress inversions performed by Johnson et al. (2014) in the NMSZ from focal mechanisms report σ1 striking
N70°E along the NMN and the RF faults, rotating clockwise to N97°E along the CWG fault. These orienta-
tions are similar to the best strike of σ1 for reactivating the RF and CWGs in the most favorable conditions as
described above (Figure 7). Their results, however, differ for the NMN, where the most favorable conditions
from our work have σ1 striking E‐W. That σ1 is not consistent with the most favorable conditions implies that
stress perturbations larger than those estimated in this study are required to reactivate faults in the
NMN region.

5.2. Which of Low Friction or Fluid Overpressure Is More Likely?

We showed that the reactivation of the NMSZ faults with minimum stress perturbations requires a static fric-
tion coefficient as low as 0.4. Most hypocenters in the NMSZ are deeper than 5 km, implying that earth-
quakes occur in the granitic basement, where Byerlee's law implies friction values of at least 0.6. Lower
friction values in similar settings are typically found in fault core‐zone rich in phyllosilicates such as smec-
tite, chlorite, or montmorillonite (Behnsen & Faulkner, 2012; Moore & Lockner, 2004). The current seismi-
city in the NMSZ likely results from the reactivation of preexisting shear zones that formed during the
complex tectonic history of the North American craton and Reelfoot paleo‐rift. Their metamorphic history,
together with their role as preferential fluid‐pathways that enhance fluid‐rock interactions, may have
enriched these fault zones in phyllosilicates, in particular, as a result of the alteration of feldspars (Buatier
et al., 2012; Boullier et al., 2004; Bistacchi et al., 2012).

However, the friction of phyllosilicates increases with temperature such that values lower than 0.6 are only
possible at shallow depth (<10 km; Boulton et al., 2014; den Hartog & Spiers, 2013; Shimamoto, 1986). For
instance, experiments conducted on fault gouge from the Alpine fault containing more than 30% of phyllo-
silicates show an increase of the friction coefficient from 0.4 at room temperature to 0.7 at 210° C, correspond-
ing to a depth of∼10 km assuming a geothermal gradient of∼20° C /km (Blackwell et al., 2011; Boulton et al.,
2014). It is therefore unlikely that the NMSZ can be weak (friction of 0.4 or less) at depths greater than∼5 km,
where most of the seismicity occurs. In addition, the granitic basement of the NMSZ excludes the presence of
very weakminerals such as serpentine or talc, whichmay explain the low friction andweak behavior of other
faults such as the creeping section of the San Andreas fault (Moore & Rymer, 2007).

If NMSZ faults are not weak, then pore fluid overpressures are required for their reactivation. The presence
of pore fluid overpressure in the NMSZ is consistent with several independent recent studies. Bisrat et al.
(2012) shows swarm clusters and repeating earthquakes clusters in the crystalline basement, with recurrence
that requires that the causative faults are weakened and reactivated over short time intervals. In the absence
of magmamovement or evidence for aseismic creep, the most likely mechanism for earthquake recurrence is
pore fluid buildup within the highly fractured Precambrian crust. Two three‐dimensional P and Swave velo-
city models (Powell et al., 2010; Dunn et al., 2013) show local high VP/VS ratios coincident with the RF, at
depth greater than 5 km—hence, in the crystalline basement—that these authors interpret as indicative of
high pore pressure and/or water‐filled microcracks. Shear wave splitting measurements from local seismic
data show a higher normalized time delays along the RF compare to the New Madrid region (Martin
et al., 2014). These authors also interpret these results as indicative of high cracks densities and high pore
fluid pressure.

5.3. How May Fluid Overpressure Build Up?

Several mechanisms have been proposed to explain pore fluid pressure buildup in continental regions. For
instance, fluctuations of meteoric water height at depth has been shown to trigger seismicity through pres-
sure diffusion (Bollinger et al., 2007, 2007; Hainzl et al., 2006; Rigo et al., 2008). This mechanism, however,
requires high topographic relief to act as a loading column overpressurizing meteoric water downward into
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the valleys. This mechanisms is unlikely to be efficient to develop suprahydrostatic pore fluid pressure in a
flat region such as the Mississippi plain. Alternatively, surface hydrological loading can induce elastic stres-
ses up to a few kilopascals at seismogenic depths, explaining the annual and multiannual seismicity pattern
in the rate of microearthquakes in the NMSZ (Costain, 2008; Craig et al., 2017), but such values are very
small compared to the few MPa of pore fluid overpressure documented above.

Pore fluid pressure can also mechanically build up in low‐permeability fault patches through a combination
of compaction (i.e., porosity decrease) and sealing (i.e., permeability decrease), a process called “creep com-
paction” (Blanpied et al., 1992; Byerlee, 1990; Sleep & Blanpied, 1992). The three large‐magnitude earth-
quakes that struck the New Madrid region in 1811–1812 likely produced significant fracturing and
dilatation in the host rocks. The compaction of pores and cracks associated with fault healing that followed
may have induced pore fluid overpressure. However, seismological and hydrogeological surveys following
large earthquakes, as well as rock mechanics experiments, show that fault healing starts within the few
months following large earthquakes (Li et al., 1998; Xue et al., 2013) and that the healing rate decreases with
the regional strain rate (Marone, 1998). Creep compaction driven by afterslip following the 1811–1812 M7
earthquakes might have built up pore fluid pressure and triggered seismicity during a few years. However,
the efficiency of creep compaction to quasi‐permanent trigger seismicity up till today in this tectonically
stable region is more questionable.

Upwelling fluids released from depth can also overpressurize faults and trigger seismicity at the intersection
of faults, as documented especially in magmatically active areas (Cappa et al., 2009; Heuer et al., 2006; Rice,
1992; Yukutake et al., 2011) but also in the northern Alpine foreland (Deichmann, 1992), and beneath the
Flinders Ranges of southeast Australia (Balfour et al., 2015). In this latter case, the authors argued for a deep
fluid source from a remnant hydrated mantle on the basis of elevated 3He/4He ratios in springs, as also
observed in the West Bohemia intraplate seismicity area of Central Europe (Bräuer et al., 2009; Weise et al.,
2001). On the other hand, many geological, geochemical, and seismological studies have shown that the root
of faults below the brittle/viscous transition is a complex zone with sublithostatic to near lithostatic pore
fluid pressure (Han et al., 2016; Küster & Stöckhert, 1999; Leclère et al., 2014; Sibson, 2014; Thomas et al.,
2009). It has been proposed that the release of these pressurized fluids from the viscous layer into the brittle
crust may trigger cyclic seismic sequences (Thomas et al., 2009; Wehrens et al., 2016).

A similar mechanism may hold for the NMSZ to explain the significant pore fluid overpressure that appears
to be required to activate faults in the upper crust. The upwelling fluids would need to originate from a reser-
voir located deeper than the maximum hypocentral depth of 15 km. The Reelfoot rift and the major faults
composing the NMSZ (NMN, RF, and CWG)may act as preferential pathways for deep fluids, as documented
in Vogtland/western Bohemia, where mantle fluid upwellings and seismicity are localized near the crossing
between the Eger rift and the Mariánské Lazné fault (Bräuer et al., 2009; Weise et al., 2001). Such deep fluids
may be metamorphic in origin, for instance, brine water in equilibrium with the granitic basement rocks
(Bräuer et al., 2009; Mittempergher et al., 2014), or mantle fluids such as documented along some intraplate
faults (Balfour et al., 2015; Kennedy & Soest, 2007). Seismic tomography from surface waves as well as P and S
body waves show a pronounced low‐velocity anomaly in the upper mantle beneath the NMSZ extending
down to 200–250 km (Chen et al., 2014; Nyamwandha et al., 2016; Pollitz & Mooney, 2014b). On the basis
of a comparison with the North China craton, Chen et al. (2014) and Nyamwandha et al. (2016) interpret this
low‐velocity anomaly as indicative of hot volatiles upwellings from a flat slab segment stalled in the transition
zone below the Central United States. Alternatively, Pollitz and Mooney (2014b) proposed that this low‐
velocity anomaly reflects metasomatic mineral transformations promoted by fluids that emanated from
the Bermuda hot spot as it passed beneath the Mississippi Embayment ca. 100 Ma. If such deep fluids are
indeed present, pervasive faulting and fracturing throughout the crust of the Reelfoot paleo‐rift may act as
pathways of increased permeability (Thomas & Powell, 2017) that collect and channel these fluids from
the mantle and the lower crust into the brittle crust, where pore fluid overpressure develop, episodically trig-
gering seismic events or swarms.

6. Conclusion

The Mohr‐Coulomb‐based parametric analysis of fault reactivation described here, applied to 33 NMSZ
earthquakes in the 2.1–4.7 magnitude range with well‐determined focal mechanisms, shows that these
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events required pore fluid overpressure, unless NMSZ faults are particularly weak (static friction coefficient
< 0.4). An important aspect of the method is that it accounts for the evolution of differential stress with
depth, whereas other analyses of fault reactivation assume that differential stress is always sufficient for reac-
tivation of the optimally oriented fault plane. This explains why our conclusion differs, for example, from
that of Hurd and Zoback (2012). We agree with these authors that most preferred nodal planes in this study
are favorably oriented for shear failure in the local stress field, but argue that accounting for differential stress
with depth is essential as it significantly influences the amount of fluid overpressure—or the value of static
fault friction—needed to reactivate faults.

In our view, although phyllosilicates may be present within fault zones throughout the quartzo‐feldspathic
crystalline basement of the upper Mississippi embayment as a result of fluid‐rock interactions, their friction
increases with temperature so that values less than 0.6 are unlikely below 5 km, where most of the NMSZ
seismicity takes place. We therefore favor a triggering mechanism via the upwelling of deep fluids, possibly
originating from the upper mantle, that build sublithostatic to lithostatic overpressure below the brittle‐
viscous transition and episodically trigger events or swarms as they migrate through the upper crust.

A similar mechanism has been documented in other intraplate seismicity areas such as the Vogtland region
of NW Bohemia in Europe where seismic swarms show diffusion‐like time migration (e.g., Bräuer et al.,
2009; Weise et al., 2001), or the Flinders Ranges in SE Australia where seismicity is likely related to the
migration of mantle fluids (e.g., Balfour et al., 2015). A Mw6.5 intraplate earthquake that struck Bostwana
in April 2017 was also shown to require deep fluid overpressure (Gardonio et al., 2018). Under such a
mechanism, intraplate seismicity does not require localized, present‐day, tectonic stress or strain accumula-
tion, contrary to plate boundary events resulting from the near‐fault accrual of stress imposed by plate
motion (Calais et al., 2016). If the continental crust is able to store elastic energy (i.e., reversible strain on long
timescales Craig et al., 2016; Feldl & Bilham, 2006), then short‐term fault strength transients, such as those
triggered by fluids leaking from the upper mantle, may trigger SCR seismicity, including large events.
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