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ABSTRACT

The New Madrid Seismic Zone (NMSZ) in the central United States is a
seismically active intraplate region composed of two fault segments: the
Reelfoot and Cottonwood Grove fault segments. It has witnessed several
major earthquakes, including a devastating 1811-1812 earthquake sequence
of three ~M7 events. Nearly 200 years later, earthquakes still continue today
in this complex seismic zone. This seismic zone is located in a domain with
higher hydrological load than surrounding regions, which may play a crucial
role in seismicity modulation. However, the hydrological unloading or loading-
induced seismicity modulation and the underlying earthquake dynamics on
this stable plate interior remain equivocal. Our study demonstrates that
increased climate variability and drought-induced hydrological unloading
can be potential drivers for the crustal stress change in the upper Missis-
sippi embayment and seismicity modulation in the NMSZ. The seismicity
rate associated with the Reelfoot fault segment shows ~60% increase during
drought-induced prolonged drier periods, linked to La Nifia cycles, than during
the relatively wetter periods. However, such a feature is lacking for the seis-
micity associated with the Cottonwood Grove fault segment. We argue that
the near-lithostatic pore pressure condition explicitly on the Reelfoot fault
segment leads to an increase in the amplitude of the velocity perturbation,
making this fault segment more susceptible to seismicity modulation on a
multi-annual or annual time scale by the resonance destabilization process.

H INTRODUCTION

Although faulting in general is driven by tectonic loading forces, there are
also several other non-tectonic processes that can contribute to fault move-
ments, such as hydrological loading, reservoir loading, and tidal loading, and
are capable of influencing the seismicity in both regions with high strain rate

Bhaskar Kundu @ https:/orcid.org/0000-0001-6171-884X

(i.e., plate boundary regions) and those with low strain rate (i.e., stable plate
interior) (Roeloffs, 1988; King et al., 1994; Stein, 1999; Camelbeeck et al., 2007;
Bettinelli et al., 2008; Calais and Stein, 2009; Deng et al., 2010; Calais et al.,
2016; Kundu et al., 2017; Panda et al., 2018; Craig et al., 2017, 2023). Among
these, hydrological loading, which influences the terrestrial water storage on
the Earth’s surface by redistributing the hydrological cycle on a seasonal scale
all around the globe, is the dominant non-tectonic process (Fu et al., 2012;
Chanard et al., 2014). Furthermore, global meteorological events associated
with prolonged drier and hotter conditions due to climate variability will also
drive regional terrestrial water storage change. This causes hydrological load
variations on the Earth’s surface, which are also an important factor for influ-
encing the spatiotemporal behavior of earthquake occurrences in some regions
(Young et al., 2021). Annual surface load-induced strain variations have been
linked to seasonal seismicity variations (Bollinger et al., 2007; Bettinelli et al.,
2008; Craig et al., 2017; Johnson et al., 2017), although evidence for tempo-
rally variable and drought-induced inter-annual (or multi-annual) seismicity
modulations in stable plate interiors and the associated earthquake physics
remains equivocal.

In this study, we investigate the role of increased climate variability and
prolonged drought-induced hydrological surface-load variation in crustal
stress accumulation at the upper Mississippi embayment and the seismic-
ity variation in the New Madrid Seismic Zone (NMSZ) in the central United
States (Fig. 1A; Fig. S1in the Supplemental Material'). The NMSZ is a seismi-
cally active intraplate region that has witnessed several major earthquakes
(Craig and Calais, 2014). This seismic zone is located in a domain with higher
hydrological load than surrounding regions, which may play a significant
role in seismicity modulation (Fig. S1). However, the hydrological unloading
or loading-induced seismicity modulation and the underlying fault dynamics
on this stable plate interior are poorly understood.

Further, the soil moisture and climatic patterns over the Mississippi Basin
are strongly affected by El Nino—-Southern Oscillation (ENSO), a climatic

'Supplemental Material. Contains methodology, figures, and tables. Please visit https://doi.org/10.1130/GEOS.S.26308126 to access the supplemental material, and contact editing @geosociety.org

with any questions.
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Figure 1. (A) Epicentral distribution of magnitude-wise declustered seismicity (magnitude completeness [Mc] = 1.4) (represented by yellow circles) for the period 2000-2016. New
Madrid Seismic Zone is outlined by a black polygon. White triangles represent continuous GPS (cGPS) sites. NWCC is a ¢GPS site whose vertical displacement component shown
in Figure 1B. (B) Time-series representation for Nifio 3.4 index (Munoz and Dee, 2017), rainfall, equivalent water height (EWH), principal component (PC), cGPS vertical displacement,
seismicity greater than the magnitude completeness (Mc = 1.4) associated with with Reelfoot fault (RF) and Cottonwood Grove fault (CGF), and drought index. Gray dots and blue
line are the actual and running average of vertical displacement of NWCC site. Gray shading represents drought periods. Note D,, D,, D,, D; and D, indicate abnormally dry, moderate
drought, severe drought, extreme drought, and exceptional drought, respectively. (C) Lag correlation coefficient between rainfall, EWH, Nifio 3.4 index, and seismicity of the RF. Note
that there is a higher seismicity rate during the drought period, which is marked by gray shading in B.
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phenomenon associated with sea-surface-temperature anomalies in the east-
ern equatorial Pacific (Gershunov and Barnett, 1998; Smith et al., 1998; Munoz
and Dee, 2017). The warm and cold phases of ENSO are called EI Nifo and
La Nina, respectively. During the El Nifo phase, floods occur in the Missis-
sippi Basin, e.g., the flooding events during 1927 and 2011 were preceded by
the 1925-1926 and 2009-2010 El Nino phases, respectively (Munoz and Dee,
2017). In contrast, during 2007-2008 and 2010-2011, the La Nina phase caused
drought conditions in the Mississippi Basin (Munoz and Dee, 2017). Therefore,
the ENSO phenomena might have a control on the regional terrestrial water
storage changes in the Mississippi Basin region and the central United States,
influencing the earthquake occurrences in these regions. Moreover, from 2000
to 2016, seismic instrumentation and network distribution were comparatively
uniform and stable in the NMSZ (Craig et al., 2017), and the La Nifa phases
of the ENSO event also caused drought conditions during this time (Munoz
and Dee, 2017). Hence, the prolonged drought condition linked to the ENSO
events in the NMSZ in the 21st century provides a unique window to explore
drought-induced seismicity modulation in this region.

B GENERAL TECTONICS OF THE NMSZ

The NMSZ in the central United States is the most seismically active
intraplate region located east of the Rocky Mountains. The NMSZ has hosted
several major earthquakes over the last several thousand years (Tuttle et al.,
2005; Gold et al., 2019), including a devastating 1811-1812 earthquake sequence
of three ~M7 events (Bakun and Hopper, 2004; Hough and Page, 2011; Boyd and
Cramer, 2014). The NMSZ is located within the northeast-southwest-trending
Reelfoot failed rift arm, which developed during the late Proterozoic and early
Cambrian opening of the lapetus Ocean (Ervin and McGinnis, 1975). Four pre-
historic earthquakes since 11 ka have been reported based on paleoseismic
trenching of sackungen along the Reelfoot failed rift arm (Gold et al., 2019).
Smaller earthquakes continue today on the complex fault segments that rup-
tured during 1811-1812 (Tuttle et al., 2005; Calais et al., 2010; Bisrat et al., 2012),
possibly representing a particularly enduring aftershock sequence of these
events (Stein and Liu, 2009). Despite the subdued topography, lack of heat-flow
anomaly (McKenna et al., 2007), and insignificant continuous GPS (cGPS)-de-
rived deformation rates (~0.2 mm/yr) (Craig and Calais, 2014), the paleoseismic
evidence and high seismicity rates nearly 200 years after the devastating earth-
quake sequence have been interpreted to indicate high earthquake hazard
(Williams, 2009). On the other hand, Stein and Liu (2009) argued that if the
current micro-seismicity represents a long-lasting aftershock sequence in a
slowly deforming plate interior region, a lower seismic hazard may be indicated.

The distribution of micro-seismicity illuminates a complex network of faults
and deformation styles within the NMSZ. Seismicity is associated mainly with
two principal fault systems, i.e., the Reelfoot thrust fault (considered a step-
over arm) and the right-lateral Cottonwood Grove fault (Calais et al., 2010)
(Fig. 1A; Fig. S1, see footnote 1). The Reelfoot fault is the most seismically

active structure compared to Cottonwood Grove fault and also produced sev-
eral micro-seismic swarms and repeating earthquakes (Bisrat et al., 2012).
Seismic instrumentation and network geometry have evolved since 1974, when
instrumental monitoring was initiated in the region. Since 2000, the overall
network coverage has remained relatively stable (Craig et al., 2017).

Hl DATA AND METHODS
Data Sets

In order to characterize the seismicity modulation in the NMSZ region
induced by the hydrological load and establish the relation between climate
variability and seismicity, we have analyzed multiple data sets, including the
seismicity data surrounding the NMSZ region, weekly drought index, Nifo 3.4
index, equivalent water height (EWH), cGPS data, and monthly rainfall data.
The seismicity data surrounding the NMSZ region for the period of 2000-2016
are maintained by the Center for Earthquake Research and Information at
the University of Memphis, Tennessee, USA (https://www.memphis.edu/ceri/
seismic/nm_cat_help.php). The monthly Nifo 3.4 index data are controlled by
the National Oceanic and Atmospheric Administration (https://www.ncei.noaa
.gov/access/monitoring/enso/). The weekly drought index data over the NMSZ
region are controlled and maintained by the U.S. Drought Monitor (https:/
droughtmonitor.unl.edu/). EWH variation over the NMSZ is obtained from
the Gravity Recovery and Climate Experiment (GRACE) satellite data for the
period 2002-2016 (https://grgs.obs-mip.fr/). The cGPS data used in the present
study are archived at the Nevada Geodetic Laboratory (http:/geodesy.unr.edu).
The monthly rainfall data from the Tropical Rainfall Measuring Mission (http://
www.esrl.noaa.gov/psd/) is archived at the Global Precipitation Climatological
Centre (http://www.esrl.noaa.gov/psd/).

Magnitude Completeness (Mc) and Declustering Approach

We have analyzed the Gutenberg-Richter relation [logN(M > Mc) = a’ - b’
x Mc] of the seismicity associated with the NMSZ, Reelfoot fault, and Cotton-
wood Grove fault by employing the maximum likelihood approach (Aki, 1965)
to estimate the magnitude completeness (Mc). This Mc value represents the
minimum magnitude above which all seismicity are statistically reliable for
further analysis. @’ and b’ are essential seismic parameters in assessing prob-
abilistic seismic hazard. M is the magnitude of the earthquakes and N is the
number of events. The magnitude completeness of the seismicity catalogs is
estimated to be 1.4 for the seismicity associated with the NMSZ, Reelfoot fault,
and Cottonwood Grove fault (Fig. S2, see footnote 1). Following this, a declus-
tered earthquake catalog is also generated based on the nearest-neighbor
analysis of seismicity following the Zaliapin and Ben-Zion (2020) approach
(for details, see the Supplemental Material).
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Periodicity Analysis

In order to estimate the periodicity of the seismicity associated with the
NMSZ, Reelfoot fault, and Cottonwood Grove fault, we have computed the
spectra of Schuster probability (p)-values by considering the methodology
proposed by Ader and Avouac (2013). For the computation of probability, the
timing of events (t,) in a catalog varies according to a sine-wave function of
period T, which is associated with the phase (8,) represented as 6, = 2n=%. Fur-
ther, the probability that arises due to the difference in event-time distribution
from a uniform seismicity rate can be expressed as (Ader and Avouac, 2013):

p=e M, (1)

where p is the Schuster probability value, N is the number of events in the
seismicity catalog, and D is the time span between the start and end point
of the seismicity catalog (Ader and Avouac, 2013). Further, we have also ana-
lyzed the periodicity of the seismicity associated with the Reelfoot fault and
Cottonwood Grove fault using the power spectra density analysis by gener-
ating continuous seismicity time series by converting the entire period of the
earthquake time series into the number of events per hour (for details, see
the Supplemental Material).

Principal Component Analysis

Principal component (PC) analysis involves collection of the covariance
information contained in a time series over a sliding M-point window (Broom-
head and King, 1986; Plaut and Vautard, 1994; Ghil et al., 2002; Groth and Ghil,
2015). It is a generalization of this approach to systems of partial differential
equations and the study of spatiotemporal structures that characterize the
behavior of solutions on their attractor (Constantin et al., 1989; Temam, 1997).
First, it creates a matrix that contains M time-delayed copies of the original
time series. After that, it computes the covariance matrices between all pairs
of time series, which are used as blocks of a grand covariance matrix that
contains both spatial and temporal correlations. Here, we have used multi-
channel singular spectrum analysis in order to capture the multi-annual signal
included in the EWH time series, considering M-point window as 30 days (for
details, see the Supplemental Material)

Quantification of Normal and Shear Stress from EWH

The hydrological stress variation can be expressed in terms of the EWH of
the region (see the Supplemental Material for EWH estimation from GRACE
data). In that case, the vertical stress perturbation caused by the hydrological
load can be expressed as:

G, =pwgh, (2)

where o, is the vertical stress change, p,, is the density of the water, g is the
acceleration due to gravity, and h is the water column thickness derived from
peak-to-peak EWH from GRACE observation (in millimeters). Here, we assume
that Equation 2 also relates to perturbation to the vertical principal stress at the
depth of shallow earthquakes. We have also estimated the horizontal stresses,
6, and o,,, from the peak-to-peak EWH assuming uniaxial strain (Turcotte and
Schubert, 2002):

(3)

where ¥ is Poisson’s ratio (0.25).
The hydrological load perturbations to the normal (c,) and shear (t,) stress
acting on a fault are expressed as (Jaeger and Cook, 1979):

G,=0,|cos’d+ O sins
1-9

29 7191 sindcosdsin

where § is the dip of the fault and A is the rake of fault. In the present compu-
tation, we have considered strike 47°, dip 85°, and rake +180° for Cottonwood
Grove fault and strike 173°, dip 32°, and rake +90° for Reelfoot fault. The esti-
mated normal and shear stress for the Cottonwood Grove fault and Reelfoot
fault are represented in Figure S3.

Estimation of Strain and Stress from cGPS Seasonal Displacements

The cGPS-derived displacement was used for the estimation of the strain
field in the NMSZ region. In the present study, we have used the SSPX
computer program (an application to compute strain from displacement
or velocity data in two and three dimensions; Cardozo and Allmendinger,
2009) to estimate the strain in the NMSZ region. SSPX works using both
the nearest-neighbor and distance-weighted approach on a regularly spaced
grid and calculates the displacement gradient at each node in the grid. The
distance-weighted approach produces a smoother strain than the nearest-
neighbor approach and is particularly effective for visualizing regional strain
patterns. In the distance-weighted approach, all the cGPS sites (marked in
Fig. 1A; Table S1, see footnote 1) are used in the calculation, but data from
each station are weighted by their distance from the grid node by a specific
constant, o, that specifies how the effect of a station decays with distance
from the node (Shen et al., 1996). Each datum is weighted by a factor (W)
expressed as:

W =exp

—d?
202 ]' (6)

where dis the distance between the node and a station. Stations within a 1o
distance contribute more than 67% to the least square solution, whereas those
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at greater than 3o distance contribute less than 1%. The weighting factor, W,
is a diagonal matrix and included in the inversion as (Menke, 1984):

m=[G'WG| 'G'u, (6)

where G is the design matrix, T is the time period, u is the column vector of
horizontal displacement, and mis the column vector of unknown displacement
gradients and translations. We have estimated the extension, shortening, max-
imum shear strain, and dilation at the cGPS sites and in each significant cell for
the NMSZ. We have taken a grid spacing of 10 km and used a distance-weighted
algorithm with o = 20 km. The value of o is chosen so that it yields maximum
variation in the parameter of interest with the minimum number of insignificant
nodes, where the absolute value of the magnitude is less than one uncertainty.

Coulomb Failure Stress Change from EWH

The effect of seasonal unloading on the Earth’s crust and fault system can be
quantified by the Coulomb failure stress change (ACFS). For this, it is necessary
to estimate the stress caused by the vertical line load (N, in N/m) at a point (p)
within a homogenous elastic half-space at a given depth. The different stress
components (o,,, 6,,, and G,,) are expressed as a function of the geometrical
position of the load (Jaeger et al., 2007; Boussinesq, 1885), given as:

Gy = 1’:’—;[(91 —0,)+sin(6, —6,)cos(6,+6,)]
N .
G, = n—;[(&—92)—Sln(91—62)005(61—5—92)] , (7)
N, . .
G, = T[—;[sm(e1 —0,)sin(6,+6,)]

where 6, and 6, are the angles measured clockwise from the positive x direction
from two edges of the line load, a is the width of the load, and z is positive
downward. The normal (c,) and shear stress (1) are resolved on a fault plane
that dips at an angle of 6 with a direction of strike normal to the xz-plane, and
are represented as:

0, = 0,,s8in*(3)+ 20, sin(3)cos(8) + 0,,cos* (3)

1=(0,,—0,,)sin(8)cos(8)+ o,,(sin’ (8) — cos (8)) ®)

The ACFS is given as:
ACFS =|t|+u(o,), (9)

where p is the fault friction coefficient.

Rainfall-Induced Poroelastic Model

We computed the pore-fluid pressure changes at depth in response to
surface rainfall under assumption of one-dimensional half-space with spa-
tially uniform but temporarily varying rainfall in the region. In the coupled
hydro-mechanical process of fluid pressure, relaxation can be characterized
by dynamics of a fluid-saturated poroelastic solid medium (Biot, 1962). Using
a finite difference approximation scheme to solve the transient and vertical
groundwater flow, we have quantified the subsurface pore pressure perturba-
tions as a function of rainfall, which represents a classical diffusion problem
under mathematical approximations such as (Barton, 1989; Rudnicki, 1986):

kB

1o

where the change in pore pressure (p) in time t at depth zis a function of the
permeability (k), bulk modulus (B), and porosity (¢) of the constituent and the
viscosity (y) of the saturating fluid. The first term kB/y¢ of the equation is the
coefficient of hydraulic diffusion. The zero pressure change is given at the base
of the domain to have a zero-flux boundary, Z, of the assumed domain at 20 km
below the surface, (0p/dz),_, = 0. The depth is enough to allow us to neglect
any boundary effect (Farquharson and Amelung, 2020). Surface pressure is
expressed as p(z=0, t) = g,gh(t), where h is rainfall recorded height at time t,
ow is the density of percolating water, and g is gravitational acceleration. Model
sensitivity to rainfall input shows relative timing and pressure evolution mag-
nitude have negligible variation (Farquharson and Amelung, 2020). Further, we
acknowledge that the hydro-magmatic and tectonic framework of the NMSZ
region is complex; however, in the absence of accurate estimates of hydrological
parameters beneath the NMSZ region, we have adopted representative hydro-
geological model parameters from Farquharson and Amelung (2020) (Table S2).

o
82%

o _

5t ' (10)

Hydrological Load-Induced Fault Resonance Model

It has been proposed that a creeping fault can destabilize under the influ-
ence of external periodic stress perturbations (Perfettini et al., 2001; Perfettini
and Schmittbuhl, 2001; Senapati et al., 2022, 2023). It has also been sug-
gested that the slip response due to an external stress oscillation can be
amplified within a narrow band of resonant periods; in that situation, the
external periodic stress (i.e., hydrological load in the present case) can cause
slip perturbation (V;) at period T, which can be expressed by:

q[01(pss 7(1)7%]7i((71 -3)

V,=qV,
1= 9V (kd, — a0,q) + iad, (K —K.,)
2nd
q="% , (1
v,
Kczon(b—a)
d

c
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where V, is the amplitude of slip perturbation, g is the dimensionless pulsa-
tion, V4, is fault motion velocity, y, is the steady-state frictional coefficient,
d, is the critical slip distance, a is the frictional response to change in normal
stress, Kis the fault elastic stiffness, a and b are frictional parameter, ¢, and
T are the external normal and shear stress perturbation, respectively. Slip
resonance occurs at critical stiffness (i.e., at K= K), which occurs at the crit-

ical time period (T,):
T - 2nd, a_ (12)
V.. \(b—a)

The amplitude of slip perturbation approaches its maximum value at nar-
row ranges of critical time periods (T;) and for small periods when K/K_ = 1.002.
Further, we have also estimated the frictional parameters (e = 7= 1,A=ac,, d,
T./T, h./h) to test the possibility of resonance amplification in the NMSZ region.
¢ is the ration of friction parameter a and b, A is the normalized normal stress,
and h. is the critical length of the fault slip patch. Each of these frictional param-
eters is estimated by minimizing the cost function C, which is expressed as

(13)

The model estimated parameters (i.e., T./T; h./h; and € and C) for the resonance
process are shown in Figure S4 and Tables S3 and S4.

B RESULTS
Hydrological Unloading-Induced Seismicity Modulation in the NMSZ

To understand climate-induced hydrological load variations and seismic-
ity modulation, we have explored the connections among the indicators for
global inter-annual climate variability, ENSO, anomalous precipitation in mid-
tropical regions, signatures in the Earth’s gravity fields through a change in
continental water storage (i.e., GRACE-derived EWH), cGPS displacements,
regional drought index, and seismicity associated with two principal structures
in the NMSZ (Cottonwood Grove fault and Reelfoot fault) (Fig. 1B; Fig. S5 [see
footnote 1]). La Nina conditions are usually associated with drier and hotter
conditions and exacerbation of droughts in California, USA, and in the cen-
tral, southwestern, and to some extent, southeastern United States (Munoz
and Dee, 2017). Meanwhile, El Nifo conditions cause a positive precipitation
anomaly over the Mississippi embayment. This causes a gradual build-up of
soil moisture in the Mississippi embayment and reduces the optimum capacity
of the basin’s infiltration, eventually elevating the risk of a major flood events
(Munoz and Dee, 2017). Within our record, there are two consecutive periods of
strong La Nina conditions (i.e., 2007-2008 and 2010-2011) that caused drought
conditions over the Mississippi Basin. It is interesting to observe that the
drought-induced drier periods exhibit a significantly higher frequency of seis-
micity linked with the Reelfoot fault segment in the NMSZ than relatively wetter

periods. We also notice that the variation of the seismicity rate associated with
the Reelfoot fault segment is correlated with the regional trend of continental
water storage and precipitation. In contrast, the seismicity associated with the
Cottonwood Grove fault segment does not exhibit such correlation. More-
over, we have computed the Schuster p-values for the declustered earthquake
catalogs associated with the Reelfoot fault segment and observed that the
Reelfoot fault segment exhibits statistically significant multi-annual periodic-
ity (Fig. 2). Meanwhile, the Cottonwood Grove fault segment does not exhibit
such multi-annual periodicity (Fig. 2). We have also found that the seismicity
rate associated with the Reelfoot fault segment increases ~60% during dry
periods relative to wet periods. The seismicity rate has a negative correlation
with GRACE-derived continental water storage (i.e., specifically EWH-PC1) on
the inter-annual time scale with cross-correlation coefficients of —-0.55 (with-
out any time lag or lead). Also, the regional precipitation is correlated with
GRACE-derived continental water storage (i.e., specifically EWH-PC1) on the
inter-annual time scale with coefficients of +0.65 (Fig. 1C).

Apart from the multi-annual periodicity, we have observed that the seis-
micity associated with the Reelfoot fault segment also exhibits relatively weak
annual periodicity (Figs. 2 and 3) and the seismicity rate increases during the
dry season (i.e., during low EWH) (Fig. 3). Moreover, we have also analyzed the
cross-correlation between the seismicity, rainfall, and EWH and observed that
seismicity rate is anti-correlated with GRACE-derived continental water storage
on the annual scale with coefficients of —0.65 (with time lag of ~1 month). Sim-
ilarly, the regional precipitation is correlated with GRACE-derived continental
water storage with coefficients of +0.70 without showing any time lag or lead,
whereas the vertical component of the cGPS data shows anti-correlation with
GRACE-derived continental water storage with coefficients of +0.98 (Fig. 3).
The lag between seismicity and rainfall suggests that the variation in seismicity
rate is influenced by both (1) elastic stress change acting on the fault systems
induced by hydrological load variation and (2) pore-fluid pressure variations.
Based on the evidence gathered in our study, we suggest that drought-induced
hydrological water loss over the Mississippi embayment and the seasonal
unloading cycles induced crustal stress in the NMSZ on the order of a few
kilopascals, which is capable of modulating the seismicity rate explicitly on
the Reelfoot fault segment in this active but low-strain region (Figs. 1C and 3).

Surface Unloading-Induced Deformation and Stress Change

To quantify the geodetic horizontal strain patterns and the associated stress
changes in the NMSZ region for the period 2000-2016, we have considered all
the available cGPS stations (~20 sites) covering the NMSZ region (marked in
Fig. 1A; Table S1). At first, we calculated the seasonal displacements during
the hydrological unloading (May-September) and loading (October-April)
period for 20 cGPS sites from monthly stacked cGPS time series (as shown
in Fig. S6). Following this, the strain fields (i.e., extension, shortening, max-
imum shear strain, and dilation) are estimated from the derived seasonal
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displacement during the unloading period by using the SSPX application
(Cardozo and Allmendinger, 2009; for details, see the Supplemental Material
and Data and Methods section). Figure 4A represents the horizontal principal
strain and dilatational strain derived from the geodetic seasonal displace-
ments in the NMSZ. We observed that the compressional principal axes
of horizontal strain in the Reelfoot fault region align in approximately NE-
SW directions, whereas in the Cottonwood Grove fault region, they align in
approximately NW-SE directions (Figs. 4A and 4B). The magnitudes of the
seasonal dilatational strain anomalies are ~2 x 108 to ~3 x 10-% in the NMSZ
region. Further, we estimated the ACFS adopting the methodology proposed
by Jaeger and Cook (1979) and resolved it on both the Reelfoot and Cotton-
wood Grove fault systems (Figs. 4C and 4D) (for details, see the Supplemental
Material). We found that seasonal variations in horizontal strain related to
drought produce a ACFS of ~0.2-0.4 kPa on the Reelfoot and Cottonwood
Grove faults (Figs. 4C and 4D). We have also calculated the total horizontal
change over the inter-annual time period of the drought (~2005-2012) from
detrended cGPS time series (i.e., after removing long-term plate motion),

Multi-annual

Figure 2. Schuster spectra for
declustered seismicity (magnitude com-
pleteness = 1.4) for the Reelfoot fault
and the Cottonwood Grove fault from
2000 to 2016. Orange stripe represents
annual and multi-annual periodicity, re-
spectively. Note that the Reelfoot fault
exhibits a weak annual and significant
multi-annual periodicity, whereas such
| periodicity is lacking in the case of the
i Cottonwood Grove fault.

Time (Years)

6 7 8 9 10
Time (Years)

estimated strain fields (i.e., extension, shortening, maximum shear strain, and
dilation), and ACFS from the interannual horizontal displacement (Figs. S7 and
S8). Here, we noticed that the magnitudes of the dilatational strain anomalies
and ACFS during the interannual unloading period are less than the seasonal
strain and ACFS (Figs. S7 and S8). The estimated ACFS is higher than the
previously estimated critical threshold stress values of various exogenous
forcings (Thomas et al., 2009; Hainzl et al., 2006; Kundu et al., 2015; Peng et
al., 2009; Gomberg, 2010). However, Ziv and Rubin (2000) have argued for the
threshold value of external stress perturbation for the earthquake-triggering
process and suggested that no lower threshold exists for earthquake trigger-
ing in central California. Further, the ACFS on the Reelfoot and Cottonwood
Grove faults are slightly lower than the ACFS in the Ridgecrest area in Cali-
fornia (Kim et al., 2021). From this, we suggest that although the ACFS due
to seasonal variations in horizontal strain may be capable of modulating the
seismicity in both the Reelfoot and Cottonwood Grove fault systemes, it is
unable to explain why the Reelfoot fault shows seismicity modulation and
the Cottonwood Grove fault does not.
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respectively, and similar amplitude of EWH, which gives a load distribution
of ~6.7 x 107 N/m. We found that the ACFS for the Cottonwood Grove fault is
~0.3-0.5 kPa at a depth of 6-8 km (i.e., hypocentral region of the earthquakes)
(Fig. 5). Further, it is observed that the critical threshold for stress perturbation
value is ~0.15-0.3 kPa for tides (Thomas et al., 2009); less than 2 kPa for rainfall-
induced earthquakes (Hainzl et al., 2006); 0.05-0.15 kPa/yr for groundwater
unloading-induced triggering of 2015 Gorkha earthquake in Nepal (Kundu et
al., 2015); 0.1-10 kPa for seismic waves (Peng et al., 2009; Gomberg, 2010);
and 0.1-1 kPa for hydrological load-induced non-volcanic tremor along the
Cascadia subduction zone, offshore western North America (Pollitz et al., 2013).
Here, we also notice that the estimated ACFS in the Reelfoot and Cottonwood
Grove faults is higher than the previously estimated critical threshold stress
values of various exogenous forcings (Thomas et al., 2009; Hainzl et al., 2006;
Kundu et al., 2015; Peng et al., 2009; Gomberg, 2010). Hence, we suggest that
the ACFS due to seasonal unloading might be capable of modulating the seis-
micity in both Reelfoot and Cottonwood Grove fault systems, but it might not
explain why the Reelfoot fault has more potential for hydrologically induced
seismicity modulation than the Cottonwood Grove fault.

Rainfall-Induced Poroelastic Effects in the NMSZ

We computed pore-fluid pressure changes at depth in response to sur-
face rainfall under assumption of one-dimensional half-space with spatially
uniform but temporarily varying rainfall in the region, following the Farqu-
harson and Amelung (2020) approach (for details, see the Rainfall-Induced
Poroelastic Model section). The pore pressure change induced from rainfall
is estimated with varying hydraulic diffusivity, permeability, and porosity
with varying depth and considering other parameters, such as fluid (water)
viscosity and bulk modulus constant (Table S2). From this analysis, we have
observed that there is an insignificant increase in pore pressure build-up of
~10-20 Pa at the depth range of 6-10 km (Fig. 6). The sensitivity of the hydro-
logical model parameters considered in the present study is presented in
Figures 6A and 6B, which clearly demonstrate this pattern holds for a wide
range of diffusivity and pore-pressure change as a function of depth. The
variation of pore pressure change induced by rainfall as a function of depth
with time is represented in Figures 6D and 6E. We have also calculated the
variation of pore pressure change at depths of 6 km, 8 km, and 10 km and
noticed that with increasing depth the pore pressure decreases (Fig. 6F). Fur-
ther, we present linear correlation between pore pressure change at depths
of 6 km, 8 km, and 10 km with seismicity associated with the Reelfoot and
Cottonwood Grove fault systems. We observed that both Reelfoot fault and
Cottonwood Grove fault show similar weak correlation (with correlation
coefficient of 0.52) with pore pressure change (Figs. 6G and 6H). Therefore,
we suggest that such rainfall-induced pore pressure change may not clearly
explain the seismicity modulation process explicitly associated with the
Reelfoot fault segment.

Hydrological Unloading-Induced Fault Resonance Model

Notably, both fault segments (Reelfoot and Cottonwood Grove faults) in
the NMSZ belong to the same hydrological system, but the Reelfoot fault
exhibits both annual and multi-annual periodicity, whereas the Cottonwood
Grove fault does not exhibit any periodicity (Fig. 2). To address this ambiguity,
we computed hydrological water loss-induced (i.e., regional drought cycle
and seasonal cycle) external stress perturbation on the Reelfoot fault segment
on the multi-annual and annual time scales by invoking the fault resonance
process (Fig. 7). Figure 7 depicts the amplitude of velocity perturbation for
varying pore-fluid pressure conditions as a function of stiffness (K), period
(T), and stress change due to hydrological load variations (i.e., both for multi-
annual and annual time scales). In this computation, we assumed a critical
slip distance (d,) of 10-°® m, critical period (T,) of 8 yr for multi-annual and 1
yr for seasonal stress perturbation, steady-state frictional co-efficient (u,,) of
0.3, dimensionless frictional parameter (b — a) of 104, and geodetically con-
strained deformation rates (V,,,) of 0.2 mm/yr. These specific assumptions are
compatible with laboratory estimates of rate-and-state-dependent frictional
parameters (Perfettini et al., 2001; Perfettini and Schmittbuhl, 2001; Lowry,
2006; Panda et al., 2018; Senapati et al., 2022) and seismo-tectonic conditions
of this stable plate-interior region (Craig and Calais, 2014). We suggest that
the slip perturbation amplifies significantly within a very close range of period
T., when the stiffness (K) is close to the critical stiffness (K,) (Fig. 8A), and the
amplitude of slip perturbation approaches its maximum value for K/K; =1.002
and is several times higher for low effective normal stress conditions (or high
fluid pressure) (Fig. 8B). In other words, lowering of effective normal stress
leads to an increase in the amplitude of the velocity perturbation both for multi-
annual and annual time scales (Figs. 8A and 8B) and indicates near-lithostatic
pore pressure conditions in the Reelfoot fault ssgment. Further, we also esti-
mated the effective normal stress by adopting the methodology proposed by
Senapati et al. (2023), and the results show that the effective normal stress of
this region is ~11.4-0.0114 MPa, which also indicates the presence of high pore
pressure conditions in the Reelfoot fault segment (Fig. S4; Tables S3 and S4).
Hence, we suggest that the presence of high pore pressure conditions in the
Reelfoot fault segment possibly places this fault segment in the conditional
stable frictional regime, which is sensitive to periodic external stress pertur-
bation induced by seasonal hydrological unloading and modulated seismicity
on a multi-annual or annual time scale by the resonance process.

l DISCUSSION

Several micro-seismic swarms and repeating earthquake sequences have
been reported specifically on the Reelfoot fault segment, indicating fluid
involvement and weak, aseismically slipping faults (Bisrat et al., 2014; Dunn
et al., 2013). The high-resolution three-dimensional P-wave seismic attenuation
structure as well as abnormally low S-wave (V) and modestly reduced P-wave
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(V) velocities (or high Vi/Vg ratio) along the NMSZ provide information about
the material properties surrounding the fault zones (Bisrat et al., 2014; Dunn et
al., 2013). The domains of reported high swarm activity attributed to fluid-rich
fractures along the Reelfoot fault (Bisrat et al., 2014; Dunn et al., 2013) coin-
cide with the zones of highest attenuation (i.e., reduction of Q; [attenuation
factor]) and high V;/V ratio (Fig. S13, see footnote 1). In contrast, such type
of fluid activity is lacking in the case of the Cottonwood Grove fault (Fig. S13).
Furthermore, it appears that the zone of anomalous fluid-rich fractures along
the Reelfoot fault segment coincides with the depth range (~4-10 km depth)

of the strongest seismicity modulation on inter-annual and annual time scales
(Fig. S14). The presence of anomalous fluid-rich crust in the Reelfoot fault may
have a direct impact on the fault frictional rheology and susceptibility to the
seismicity modulation process. The presence of anomalously pressurized pore
fluids in the Reelfoot fault segment could significantly reduce the value of the
critical magnitude of the normal stress perturbation on to the order of 102 and
thus facilitate the resonance destabilization process, which may not be the
case for the Cottonwood Grove fault segment (Fig. 9). We suggest that during
drought-induced prolonged drier periods and seasonal unloading conditions,

Periodic crustal unloading (Annual, Multi-annual periodicity)

sSw
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the shallow soil skeleton and aquifer undergo contraction whereas basement
rock undergoes expansion, which is favorable for promoting a thrust fault
during unloading conditions, modulating the effective stress regime and the
seismicity rate on the Reelfoot fault (Figs. 7 and 8).

We acknowledge that previous studies have also suggested seismicity
modulation in the NMSZ at annual periods (Craig et al., 2017; Costain, 2008).
Costain (2008) highlighted the spatiotemporal correlation between surface
stream flow attributes (mean annual stream flow and standard deviation of
stream flow) and the NMSZ seismicity. It has been proposed that fluctuations
in the elevation of the water table (river stage) are associated with pore-fluid
pressure transients that are transmitted to hypocentral depths and trigger
earthquakes through a poroelastic diffusion process (Costain, 2008). On the
other hand, Craig et al. (2017) correlated the rate of micro-earthquakes in
the NMSZ at annual and multi-annual time scales with periodic hydrological
surface loading in the upper Mississippi embayment. Previous study on the
rate of earthquakes on both an annual and a multi-annual scale showed that
earthquakes are caused by elastic stresses induced by the hydrological load
in the NMSZ (Craig et al., 2017). Also, Craig et al. (2017) suggested that the
slow secular stressing rate at the NMSZ leads to a critical period of stress
variation should T, 2 10, where T, =2mac(t) ', (where a is the rate-and-state
fault frictional parameter, o is the effective normal stress, and 1 is the sec-
ular stressing rate). Thus, the NMSZ fault system is sensitive to loading at
both annual and multi-annual periods. However, this appears to be a general
explanation for seismicity modulation, which can be applicable for all stable
plate interior regions but not explicitly for specific multi-annual periodicity.
Moreover, in the focus of earthquake physics, neither of the earlier studies
could demonstrate the specific relation between seismicity modulation in
the Reelfoot fault and Cottonwood Grove fault, respectively. It has not been
explained why the seismicity modulation on both an annual and a multi-annual
scale explicitly is observed in the Reelfoot fault segment and the reason for
lack of such modulation in the case of the Cottonwood Grove fault segment.
In the present study, we have demonstrated all these caveats and also bring
out the specific relationship between seismicity modulation and prolonged
drought conditions in the NMSZ region.

The relationship between climatic phenomena and seismicity variation
can also be tested on other plate interior regions—such as the Kutch region in
Guijarat, India; the Delhi seismic zone in India; Nordland, Northern Norway; the
Eastern Tennessee Seismic Zone, USA; and the north China region. Recently,
Pfeffer et al. (2023) investigated six to eight years’ periodicity in the Earth sys-
tem and suggested that it is linked with various climatic phenomena, such as
global mean sea level, Pacific Decadal Oscillation, North Atlantic Oscillation,
Atlantic Multidecadal Oscillation, and ENSO. Further, they suggested that
GRACE and GRACE Follow-On Terrestrial Water Storage in the NMSZ region
also show prominent multi-annual cycles (Fig. S15). Therefore, in addition to
the ENSO event, it is also necessary to investigate the impact of other climatic
phenomena on seismicity modulation in plate boundary and plate interior
regions. However, the physical connection between these climatic phenomena

and seismicity modulation is difficult to establish. Hence, we have not explored
these possibilities and factors further in the present study.

B CONCLUDING REMARKS

Our present findings clearly reveal a long-term relationship between the
variation of hydrological load-induced stress perturbation and seismicity
modulation in the stable plate interior region of the NMSZ. The seismicity
rate of the Reelfoot fault segment on the multi-annual and seasonal time
scale is influenced by the prolonged drought period, which is linked with
climatic variability like ENSO events. Moreover, the rate of seismicity in
the Reelfoot fault segment increases by ~60% during the drier period rela-
tive to the wet period. Also, the fault resonance model demonstrates that
near-lithostatic pore pressures lead to an increase in the amplitude of the
velocity perturbation, making the Reelfoot fault segment more susceptible
for seismicity modulation, which is not the case for the Cottonwood Grove
fault segment. Hence, climate variability-induced changes in terrestrial water
storage appear to be a potential driver for elevating earthquake hazards in
the stable plate interiors.
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