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Abstract

We propose a geodynamic model for stress concentration in the New Madrid
seismic zone (NMSZ). The model postulates that a high-density (mafic) body situated
in the deep crust directly beneath the most seismically active part of the NMSZ began
sinking several kyr ago when the lower crust was suddenly weakened. Based on the
fact that deformation rates in the NMSZ have accelerated over the past 9 kyr, we envi-
sion the source of this perturbation to be related to the last North American deglacia-
tion. Excess mass of the mafic body exerts a downward pull on the elastic upper
crust, leading to a cycle of primary thrust-faulting with secondary strike-dlip faulting,
after which continued sinking of the mafic body reloads the upper crust and renews the
process. This model is consistent with the youth of activity, the generation of a
sequence of earthquakes, and the velocity evolution during interseismic periods, which
depend upon the density contrast of the mafic body with respect to the surrounding

crust, its volume, and the viscosity of the lower crust.

I ntroduction

The New Madrid seismic zone (NMSZ) is the site of large intraplate earthquakes,
last rupturing in 1811-1812 in a sequence of Mw=7.2-7.5 [Hough et al., 2000] or pos-
sibly Mw(B [Johnston, 1996] earthquakes, but having ruptured previously about once
every 400-600 years over at least the past 2000 years [Wesnousky and Leffler, 1992;
Tuttle and Schweig, 1995; Kelson et al., 1996]. This active seismic zone occupies the
center of a failed rift (Reelfoot Rift) which involved rifting and the emplacement of
mafic plutons throughout the crustal column in the Late Proterozoic - Late Cambrian
and either reactivation [Ervin and McGinnis, 1975; Thomas, 1991] or thermal perturba-
tion [Cox and Van Arsdale, 1997] in the Late Cretaceous. Focal mechanism studies
[e.g., Herrmann and Canas, 1978; Herrmann, 1979] and microseismicity studies [e.g.,

Stauder, 1982; O'Connell et al., 1982; Chiu et al., 1992] revead that the NMSZ is
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characterized by two SW-NE trending zones of strike-dlip faulting on vertical planes,
with a zone of thrust-faulting on 030°SW-dipping planes within the left stepover
between the strike-dlip fault zones. Most seismicity is concentrated between 4 and 14

km depth.

Since microseismic activity clearly defines two distinct linear trends accommodat-
ing strike-dip faulting on nearly-vertical faults, previous efforts to explain the
occurrence of these earthquakes have focussed on stress concentration mechanisms
designed to generate right lateral shear stress on vertical planes coinciding with these
ams. Here we briefly summarize these models. One model [Liu, 1993; Liu and
Zoback, 1997] postulates stress amplification in an upper crustal stress guide due to
thermal weakening of lower crust and upper mantle, and it is consistent with dlightly
elevated heat flow [Swanberg et al., 1982] and low uppermost mantle seismic veloci-
ties [Mitchell et al., 1977; Al-Shukri and Mitchell, 1987] in the NMSZ. In another
model [Gomberg and Ellis, 1994] the seismic zone is loaded with slip on deep vertical
faults, which is particularly effective in loading the strike-slip fault segments of the
NMSZ. The models of McKeown and Diehl [1994] and Braile et al. [1986] are based,
respectively, on the presence of high pore fluid pressure and weakness of pre-existing
faults in the Reelfoot rift, and they are consistent with the fact that reactivation of
ancient rifts under a new stress field is established in many other regions. The models
of Campbell [1978], Long [1978], and Hildenbrand [1985] are based on the contrast in
elastic moduli between the NMSZ and the Missouri batholith, which intersects the
NMSZ aong its most seismicaly active parts. Under this condition, the background
horizontal stress field will concentrate shear stress in the weak (intersection) zone.
The model of Stuart et al. [1997] is based on seismic and gravity data which indicates
that, in addition to widespread exposed or shalowly buried basalts, the NMSZ is
underlain by a lense-shaped, high-density "rift pillow" [Ginzburg et al., 1983; Mooney

et al., 1983] of dimension 010* km? within the lower crust (likely mantle melt intru-
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sions in the deep crust) and centered on the locus of current seismic activity (Figure
1). In their model, right-lateral strike-dlip faulting above the rift pillow is generated
by supposing that the lower crust above the rift pillow interface is weak and flows.
Stress concentration on the vertical faults in the Reelfoot Rift is then accomplished by
resolving background ENE - WNW horizontal compressive stress on the two-sided,
dipping rift pillow-to-crust interface. A recent model [Kenner and Segall, 2000] pos-
tulates that an assumed sudden recent weakening of the lower crust thereby concen-
trated background tectonic stress onto the relatively thin upper crust. An attractive
feature of this model is that it provides a possible explanation for the occurrence of

repeating sequences of NMSZ earthquakes following a long period of inactivity.

Each of these models fails to explain one or more primary observations which we

consider critical for explaining stress concentration:

1. There is a disproportunate amount of thrust faulting relative to strike-slip faulting
associated with the NMSZ [Figure 15 of Hildenbrand and Hendricks, 1995], including
the persistence of thrust faulting southeast of the stepover zone bridging the two major
strike-dlip zones [Herrmann, 1979; Figure 1]. Re-evaluation of the magnitude of the
three largest events in the 1811-1812 sequence [Hough et al., 2000] suggests that the
February 7, 1812 earthquake (i.e., that thought to be associated with thrust faulting on
the Reelfoot fault) was the largest. They conclude [Hough et al., 2000, p. 23,860]:
"...rather than being a mostly strike-slip system with thrust faulting associated with a
compressional stepover, thrust faulting may have been the dominant mechanism asso-
ciated with the 1811-1812 New Madrid sequence.”

2. Significant thrust faulting and, by implication, strike-slip faulting has occurred only
during the late Quaternary and Holocene based on the uplift rate and displacement of
horizontal seismic reflectors beneath the Lake County uplift [e.g., Van Arsdale et al.,
1998; Van Arsdale, 2000].

3. Earthquake occurrence in the NMSZ has been farly regular since it
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initiated] Wesnousky and Leffler, 1992; Tuttle and Schweig, 1995; Kelson et al., 1996].

The second observation suggests that an essential ingredient in viable models be a
mechanism for recent weakening of the lower crust. Similarly, only those models
which postulate a weak lower crust or upper mantle beneath the NMSZ [e.g., Liu and
Zoback, 1997; Suart et al., 1997; Kenner and Segall, 2000] have the capability of
reloading faults to produce a sequence of earthquakes. Finally, similar conditions
(e.g., elevated heat flow, pre-existing faults) exist in many relatively quiet intraplate
regions, and it is not clear in the context of existing models what makes the NMSZ

unigue in its exceptional seismic activity.

Weakening mechanism

We propose that either a thermal or pressure perturbation related to the last North
American deglaciation affected the region around the NMSZ during the Holocene (Fig-
ure 2). Our mode requires that this perturbation led to a sudden weakening of the
lower crust, possibly in conjuction with upper mantle weakening. Several mechanisms
of producing this sudden weakening are possible but practically unconstrained given
current knowledge of the physical state of the NMSZ. It appears likely, however, that
any plausible weakening mechanism must involve heat transport to the lower crust and
that this heat transport must be advective rather than conductive, since conductive heat

transport would be far too slow to have produced a recent change.

Glacial unloading of the last North American glacial maximum took place over a
0010 kyr time interval (Figure 2), relatively fast compared with the timescale of relaxa
tion of mantle materials [Hitchings et al., 1989; Karato and Wu, 1993 Peltier and
Jiang, 1996] as well as the timescale of the original glacia loading. Thus, even though
the final relaxed postglacia state (still yet to be realized) should be close to the pre-
glacia state, the rapidity of relaxation compared with the buildup of the ice load

would yield an evolving transient state which is unique to the postglacial epoch.
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During the relatively rapid early relaxation phase following unloading, viscoelastic cal-
culations [e.g. Johnston et al., 1998] show that transient pressure perturbations of
severa MPa may have been generated at shallow mantle depths at distances 00500 km
outside the perimeter of the former ice sheet, the approximate situation of the NMSZ
(Figure 2). The mechanism relating a postglacial perturbation to a sharp Holocene
acceleration in NMSZ deformation rates [Van Arsdale, 2000], however, is unclear.
We regard the following two possibilities are the chief candidates, though other expla-
nations are certainly possible [Kenner and Segall, 2000; Grollimund and Zoback,
2001]:

1. Deglaciation produced pressure changes which induced pressure release melting of
hot patches of mantle material which had been slowly diffusing upward from the
deeper mantle since passage of the Bermuda hotspot 0 100 MyrBP [Crough et al.,
1980; Cox and Van Arsdale, 1997]. This would have resulted in a rapid transfer of
heat to the lower crust, causing it to weaken and initiating the young (< 0 10* years)
cycle of deformation in the New Madrid seismic zone. In their study of Icelandic melt
production during interglacia periods, Jull and McKenzie [1996] showed that pressure
release melting may be induced by deglaciation of a thin lithosphere overlying a
spreading center. Transient pressure perturbations of a few MPa are sufficient to
accelerate the melt production of mantle volumes which have risen above the solidus
depth and already contain partial melt. The situation in the NMSZ is obviously dif-
ferent because of the lack of heat input since (1100 MyrBP, but this mechanism may be
applicable if passage of a mantle plume at that time left behind patches of metasoma-
tized mantle that remained susceptible to melting by a subsequent perturbation, as
Baker et al. [1998] have proposed for the generation of "fertile" lithosphere upon pas-
sage of the Afar plume beneath Yemen. Such mantle has greatly reduced solidus tem-
perature and is very sensitive to subsequent thermal and pressure perturbations [White

and McKenzie, 1989]. Another, but less likely possibility is that the dynamic pressure
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associated with postglacial viscoelastic flow induced localized upward transport of
mantle material of several km. Although only about 1 km of vertical transport is
predicted for postglacial flow on laterally homogeneous models, much greater localized
vertical transport is conceivable if the viscosity structure is laterally variable. This,
perhaps in combination with the existence of mantle patches already close to the
solidus temperature, could increase the potential for the pressure release mechanism to
be operable.

2. Shear heating in the lower crust and upper mantle generated by postglacial flow
raised the temperature of these regions and weakened them. This effect is generally
small on laterally homogeneous viscoelastic models, but localization of flow within
thin channels in the lower crust or upper mantle, such as produced by heterogeneity in

the mantle lithosphere [Schott et al., 1999], is a possibility.

New model of stress concentration

Following Stuart et al. [1997], we postulate an active role for the relatively dense
rift pillow in concentrating stress in the NMSZ. We propose that, after its emplace-
ment, and subsequent to the most recent thermal perturbation in the early Late Creta-
ceous [Cox and Van Arsdale, 1997], the large body cooled and was partially supported
by depression of the crust-mantle boundary [Suart et al., 1997] but also partialy sup-
ported by the lower crust. The rift pillow remained in this stable situation until an
early Holocene perturbation weakened the lower crust (and possibly the upper mantle).
Upon this weakening, dynamic support for the negatively buoyant mafic body was
removed, and the body began sinking. Depending on the geometrical shape and con-
tinuity of the body with respect to the upper crust, this sinking induced a downward
pull on the upper crust through either of two mechanisms:

1. The mafic body is mechanically connected with the upper crust, in which case the

negative bouyancy of the body would be directly transferred from the lower crust to a
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relatively small area at the base of the upper crust.

2. The mafic body is isolated in the lower crust and is not directly coupled to the
upper crust. In this case, sinking of the body induces strong fluid pressure gradients in
the surrounding ductile lower crust which couple into a downward force exerted on the
upper crust.

Available data can neither confirm nor exclude either scenario, but the consequences of
the two mechanisms are expected to produce qualitatively similar flow patterns in the
lower crust and resultant time-dependent stress patterns in the upper crust. However,
given the fact that the apex of the rift pillow reaches no higher than (25 km depth
[Suart et al., 1997], we regard the second mechanism as the more likely and shall
focus our attention on it. Calculations presented in the next section demonstrate that,
in the presence of the regional ENE-WSW regiona compressive stress, the downward
load would strongly promote thrust faulting in the region directly above the rift pillow,
which coincides with the stepover zone where historic thrust faulting is known to have

occurred (Figure 1).

This model is a variation on that presented by Grana and Richardson [1996],
who invoked the gradual sinking of the dense rift pillow since the last known heating
event (ca. 100 MyrBP) within very high viscosity lower crust and mantle (viscos-
ity >010% - 10%®° Pa s). Their model is consistent with Cenozoic subsidence within the
northern Mississippi embayment [Ervin and McGinnis, 1975], and they propose that it
may explain stress rotations within the NMSZ relative to the background horizontal
stress field. However, it implies essentially constant and extremely low deformation
rates. The new model is capable of producing a sequence of earthquakes such as those
which have occurred within the past few thousand years [Van Arsdale, 2000], and it is

contingent only upon recent weakening of the lower crust.
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Consequences of lower crustal weakening

Conceptual model

A complete representation of a seismic cycle in the NMSZ would consist of the
effects of (1) application of a load, in this case arising from the constant downward
force being exerted in the deep crust, (2) earthquakes which occur in the upper crust as
stress levels exceed a certain limit appropriate for the pre-existing faults which popu-
late the NMSZ, and (3) relaxation of the ductile lower crust driven by (1) and (2).
Process (2) involves primarily thrust and strike-dlip faulting earthquakes within well-
defined fault zones (Figure 1), but more generally it may be thought of as cataclastic
flow of the upper crust in response to the stresses applied to it, and the character of
this flow is likely to be complicated in the deeper upper crust, where aseismic dip
may play a maor role. Given this and the uncertain slip associated even with the his-
torical 1811-1812 events, it is difficult to estimate relaxation effects from process (2).
For smplicity, we evaluate the stress evolution under the assumption that the cataclas-
tic flow involved in process (2) completely relieves the stresses accumulated under
process (1), which would render the relaxation of their composite stresses in the subse-
guent cycle negligible. Thus, the stress evolution during an interseismic period is here
approximated by application of the load and relaxation of the stresses generated by it
during the cycle being considered. The precise character of the earthquake sequence(s)
which may relieve the stresses at the end of the cycle need not be specified. The
adopted approximation satisfies the primary purpose of determining if the generated

loading stresses are of the correct sense and magnitude to produce large NMSZ events.

The initiation and continuation of the earthquake cycle following the sudden
weakening of the lower crust is modeled in terms of a coupled linear elastic-
viscoelastic system (Figure 3). This consists of purely elastic material in the top 16 km

(upper crust) and below 40 km (upper mantle), and viscoelastic material within the
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intervening lower crust. The viscosity structure of the lower crust has been chosen to
satisfy the constraints that its viscosity decrease with depth because of the temperature
increase with depth and that it should be comparable with independent estimates of
lower crustal viscosity. The lower crust has been divided into two layers of viscosities
n=15x10® Pas and n=15x 10" Pa s, respectively. The stronger layer is shal-
lower and has viscosity consistent with that recently resolved by Kaufmann and
Amelung [2000] in the western United States. The weaker layer possesses a Maxwell
viscoelastic fluid rheology, and the stronger layer possesses a standard linear solid
rheology (Cohen, 1982) with long-term strength p' = 2.6 GPa. This assumed long-term
strength is based on the existence of a positive free-air gravity anomaly of >0 20 mGal
[McGinnis, 1970], suggesting that the dense rift pillow is at least partially supported
by the upper and lower crust. The extreme age of the rift pillow requires that, if the
proposed mechanism is operable, W' in part or al of the lower crust has never dimin-
ished below a certain minimum value, i.e,, if a Maxwell rheology had existed in the
entire lower crust for any significant period of time since (600 MyrBP, the rift pillow
would already have sunk to the base of the crust and be isostatically supported by the
denser mantle. We assume that it has been at least partialy supported by the sur-
rounding lower crust ever since its emplacement, and the recent weakening involved a

sharp decrease in both n and ' in the lower crust.

The degree to which support of the rift pillow had been partitioned between isos-
tatic compensation in the mantle and elastic strain in the lower crust is unknown, but
we assume for concreteness that support had been evenly divided between the two.
Conseguently we assume that 50% of the excess mass of the rift pillow with respect to
the lower crust was converted into negative gravitational potential energy at the time

of weakening.



-11 -
Evolution of deformation

Forward calculations of time-dependent deformation are performed by distributing
a 1.5x10* km? cylindrical volume of rift-pillow materia (density contrast = 150 kg m™)
over a circular area of radius 15 km at 25 km depth directly overlying the center of
the rift pillow (approximately at the Lake County uplift zone). The static and time-
dependent components of deformation are calculated using the methods of Pollitz
[1996] and Poallitz [1997], respectively, with appropriate modifications made to obtain
and integrate Greens functions for distributed point forces. Figure 3a shows the dis-
placement pattern on a profile bisecting the cylinder as well as shear strain resolved
onto vertical planes, both for the initial time (immediately after application of the
load) and at 400 or 4000 years after subsequent relaxation of the lower crust.
Significant rapid downwarping of the plate is accomplished within 400 years time. As
we shall show, this leads to large stress concentration within the overlying upper crust.
Depending on the actual viscoelastic stratification, our time-dependent calculations
show that the elapsed time necessary to produce an earthquake of slip 05 m is on the
order of 400-600 years. Thus, a few hundred years elapsed time since application of

the load is sufficient to produce failure on faults in the upper crust.

Figure 3b shows the corresponding displacement and strain pattern for the case in
which the load is applied directly at the base of the upper crust. Comparison of Fig-
ures 3a and 3b shows that while the induced flow pattern in the lower crust is depen-
dent on the location of the load, the displacement field induced in the upper crust is
similar. However, the the magnitude of time-dependent deformation in the upper crust
is decreased by about 30% by applying a load at greater depth because in that case the
coupling of the force with the upper crust is eroded by lower crustal flow. Since the
apex of the rift pillow is at about 25 km depth [Suart et al., 1997] we shall hen-

ceforth restrict attention to the case of loading at 25 km depth.
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The displacement patterns shown in Figure 3 are the product of the responses to
initial static load and relaxation of the lower crust with time. The temporal evolution
of horizontal velocity is of particular interest since Global Positioning System (GPS)
measurements [Newman et al., 1999] suggest that very little (-0.2+2.4 mm/yr) motion
currently occurs in the right-lateral strike-dlip sense about the NMSZ. Calculated hor-
izontal and vertical velocities predicted on the sinking-pluton model are shown in Fig-
ure 4a-b. Assuming that the latest cycle began in 1812, it predicts that present-day sur-
face deformation is characterized by horizontal motion directed radially towards the
center of the stepover zone at a rate reaching 1.5 mm/yr about 20 km from the center.
Although available data do not have the spatial resolution or accuracy to test the
details of this prediction, the GPS sites within 60 km of the stepover zone do exhibit a
roughly radially symmetric pattern with a magnitude of 2-3 mm/yr (Figure 53). To
identify this pattern in the observed velocity field, we generated a set of synthetic hor-
izontal velocity fields on the viscoelastic model, each evaluated 200 years after the ini-
tiation of the latest cycle, varying the location of the center of the rift pillow over a
large grid. Each redization was then compared with the observed velocity field by

evaluating the coherence

,-_ Co
“Cll C22

where the correlation between velocity fields v; and v

(1)
K the considered GPS sites is

defined as

Cj =V Covly, (ij =12 (2

Here Cov is the covariance matrix for the observed horizontal velocity field, and sub-
scripts 1 and 2 denote observed and synthetic velocity field, respectively. Letting v,
depend on the location f of the center of the rift pillow, we calculate y as a function of
f. The resulting distribution of coherence is shown in Figure 5b. The local maximum
just southwest of the stepover zone is consistent with the position of the rift pillow

(red contours). For consistency with the Coulomb failure results, we evaluate the
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synthetic velocity field at f = 36.40°N, 89.65°'W and compare it with the observed
velocity field in Figure 5a. The coherence between the two velocity fields is 0.33.
Clearly the errors in the GPS data are much greater than the signal being sought, and
the areas NW and SE of the stepover zone are not adequately covered. With more
years of observations and improved coverage, a future comparison will be more mean-
ingful.

The model also predicts present-day subsidence of 6 mm/yr within 10 km of the
stepover zone, athough there are no geodetic observations available against which this
could be tested. Subsidence of the stepover region as a whole is, however, strongly
suggested by: (1) eastward migration of the ancestral Ohio River from Crowley’'s
Ridge to its present location (the Mississippi River south of the confluence between
the two rivers), likely accompanied by faulting adjacent to Crowley’s Ridge to produce
differential uplift of it with respect to the NMSZ [Van Arsdale et al., 1995], and (2)
Quaternary movements along the Cottonwood Grove and Ridgely faults, accommodat-
ing differential uplift of the area east of the NMSZ [Van Arsdale et al., 1998]. This
further suggests that plastic deformation associated with the sinking stresses may not
be confined to just the Reelfoot fault and the strike-dlip faults delineated by current
seismicity.

Vertical displacement rates across the Reelfoot fault are about 4.4 mm/yr over the
past 2400 years and 6.2 mm/yr during the two most recent earthquake cycles from the
years 900 to 1812 [Van Arsdale, 2000], in good agreement with the average predicted
subsidence rate over a 500 year loading cycle (Figure 4b). Both the horizontal and
vertical velocity patterns are, however, very likely affected by viscoelastic relaxation
following the earthquakes which terminated the previous cycle. The implicit assump-
tion that such earthquakes exactly nullify the stresses built up during the loading
period is only approximate, and it is likely that additiona transient velocities modify
the patterns depicted in Figures 4 and 5 [i.e.,, Rydelek and Pollitz, 1994]. This would
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consist of a long wavelength right-lateral strike-slip velocity signal and an additional
vertical signal. For example, if most of the thrust faulting which relieves the built-up
stresses occurred in the deeper upper crust then the additiona vertical signal would
tend to re-elevate the region with time (e.g., Figure 6 of Pollitz, 1997) and negate the
subsidence contributed by the loading process alone. In addition, plastic deformation
associated with fault dlip should be included in order to interpret local uplift rates.
Indeed, the Lake County uplift is associated with about 15 m post-Eocene uplift [Van
Arsdale et al., 1998], most of which must have accumulated over the past few
thousand years if current displacement rates are applicable [Van Arsdale, 2000]. This
uplift would reflect the offsets accumulated during the loading process, coseismic

offsets, and gradual postseismic recovery associated with past earthquakes.

Stress concentration

The deformation patterns produced by lower crustal weakening may be related to
earthquake occurrence by considering the associated change in Coulomb failure stress.

For dlip in a given sense on a prescribed fault, the Coulomb failure stress is defined as
Aoy = AT + Pt Aoy ©)

where At is the change in shear stress (positive for a stress change promoting failure),
Ao, is the change in normal stress (positive tensile), and ¢ IS the effective
coefficient of friction, taken to be 0.4 or 0.8. The location of the vertical projection of
the center of the rift pillow is chosen as 36.40°N, 89.65°W. The regiona stress field
(Figure 1) is oriented such as to produce thrust faulting on NW-SE striking faults.
Thrust-promoting Ac; on N35°W-trending, 30° -dipping hypothetical failure planes is
evaluated at depth 5 km (Figure 6a,c) or 10 km (Figure 6b,d) and time 0" and 400
years after initiation of weakening in the viscoelastic system. The coefficient of fric-
tion is assigned values of 0.4 in Figure 6ab and 0.8 in Figure 6¢,d. Stresses evolve

considerably with elapsed time into the cycle. The pattern of positive Ao; is shaped
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like a funnel cloud, being narrow at greater depth (10 km) and broadening out at shal-
lower depth (5 km). In particular, the well-developed thrust faulting within the step-
over zone as well as its continuation to the southeast (outside of the stepover zone) is
encompassed by the region of high Ao;. Similarly, strike-dip-promoting Ao; on
N45°E-trending, vertical hypothetical failure planes is evaluated at depth 5 km (Figure
7a,c) or 10 km (Figure 7b,d) and time 0" and 400 years after initiation of weakening in
the viscoelastic system. The coefficient of friction is assigned values of 0.4 in Figure
7ab and 0.8 in Figure 7c,d. Failure on both strike-dlip fault arms (and the Bootheel
lineament) is enhanced late in the cycle (i.e., at time 400 years) but at a smaller level
than the thrust-faulting enhancement. However, the two failure mechanisms are
expected to be strongly coupled, and we postulate that significant strike-dlip faulting is
secondary in response to the strongly-promoted thrust faulting at all depth levels

around the stepover region.

Comparing Figures 6¢,d with 6a,b and Figures 7c,d with 7ab, the coefficient of
friction is seen to exert only a moderate influence on the pattern of Coulomb failure
stress, the essential stressing pattern remaining unchanged. The greatest sensitivity to
the coefficient of friction is for enhancement of strike-slip faulting at shallow depth,
where Ao; is increased considerably by taking u'=0.8 (Figure 7c) versus u'=0.4 (Figure
7a).

Sinking of a dense body through a viscous fluid

The cycle of stress buildup and release in the NMSZ is interpreted as a product
of the inexorable sinking of an anomalously dense body situated in the ductile lower
crust. It has been assumed that the flow field in the shallower crust excited by the
specified distributed downward force at 25 km depth (Figure 3a) resembles that
expected for sinking of a finite body of the same dimension as the force distribution

(80 km). In the case of sinking of a finite body, the resistance to sinking is a combi-
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nation of pressure and viscous drag of the surrounding viscous material, and a balance
of forces between the excess gravitationa mass of the body and the viscous drag can

constrain its sinking velocity and hence the overall flow field.

We consider the velocity field associated with a negatively buoyant bouyant
viscous sphere sinking through another viscous fluid (Hadamard-Rybczynski equation;

Clift et al., 1978). The steady state sinking velocity is

vV = O O (4)

SNEIN
0" 7 Nen g

Apgr2 Bn+ng, O
n

w| k

The parameters in equation (4) taken for the mafic body are: Ap = density con-
trast 0150 kg m™3; r = radius of mafic body O 10-15 km; g = gravitational accelera-
tion 010 m s n, Neh = Viscosity of surroundings and spherical inclusion. We assign
a viscosity of n=10%° Pa s to the lower crust, roughly equivalent to the 2-layer
stratification used in the deformation calculations. We employ equation (4) under the
additional assumption that ng,, > n, in which case the flow generated by the sinking

sphere reduces to Stokes' flow.

With the above estimates we obtain a steady state sinking velocity of v = 1.4-3.2
cm/yr. The flow field obtained by the viscoelastic model averaged over the first 400
years of a cycle is shown in Figure 8a and compared with the Stokes flow field associ-
ated with a sphere of radius 12.5 km sinking at 2 cm/yr (Figure 8b). The two flow
fields are very similar at depths shallower than (25 km, demonstrating that the flow
field associated with a sinking finite body has similar consequences for upper crustal

deformation as that excited by the distributed forces on the viscoelastic model.

Since only one mgjor thrust structure (the Reelfoot fault) is thought to accommo-
date vertica stress release, the amounts of sinking of the dense body and consequent
dip on the thrust fault should be similar. Figure 8b shows that the flow field in the
vicinity of the sphere is geometrically attenuated by about 50% at distance comparable

to upper crustal depth, i.e., v 01 cm/yr at such depth. This would imply a recurrence
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interval for thrust faulting events of 5mAs 0500 years. This estimate presumably
applies to strike-dlip faulting events as well since thrust and strike-dlip faulting are
likely highly coupled in the NMSZ. This is the same as the geologically estimated
recurrence interval of 400-600 years, showing that the analog model of a 25-km-
diameter sphere sinking beneath the NMSZ at a rate of 2 cm/yr is a reasonable
representation of the average seismic cycle in the NMSZ, especialy considering that
the rift pillow has a highly non-spherical, lense-like shape [Suart et al., 1997] and that

the flow is resisted additionally by flexural forces of the elastic plate.

Discussion and Conclusions

Our model postulates an active role for the dense rift pillow underlying the
NMSZ. Prior to the Holocene, the rift pillow was partially compensated by depression
of the crust-mantle boundary, but it was also partialy supported by the lower crust.
Following a recent weakening of the lower crust and upper mantle, which we believe
is related to the dynamics of postglacial flow, support for the rift pillow was lost and
it began to sink. The questions of how long the rift pillow has been gravitationally
unstable, how support for the rift pillow was partitioned between the crust and mantle
prior to the Holocene and precisely how weakening of these regions was accomplished
are important but remain unresolved. Even if the rift pillow had reached isostatic
equilibrium sometime after its initial emplacement 600 MyrBP, a further destabilizing
mechanism may be that the ancient rift pillow was enlarged through melting of the
underlying mantle during the Cretaceous thermal event, residual portions of the mantle
became depleted in Fe relative to Mg, and thus the negative buoyancy of the rift pil-
low increased at that time. As far as the consequences of sinking are concerned, how-
ever, the proposed stress concentration model is not contingent upon specific mechan-
isms of destabilization and weakening but only requires that lower crusta weakening

occurred simultaneously with the Holocene acceleration in NMSZ deformation rates.
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Whatever the mechanism of weakening, an issue recently raised by Grollimund
and Zoback [2001] concerns the precise relation of past deglaciations to accelerated
deformation in the NMSZ. The main constraints on total deformation within the
NMSZ are 15 m of post-Eocene uplift within the Reelfoot fault zone [Van Arsdale et
al., 2000], the occurrence of three dip events along the Reelfoot fault over the past
2400 year [Kelson et al., 1996], and the occurrence of three large strike-slip events of
comparable size on the SW arm since 800 A.D. (and possibly two or three additional
strike-dlip events since 4035 B.C.) [Tuttle and Schweig, 1995]. Present deformation
rates in the Reelfoot fault, if extrapolated directly into the past, cannot have persisted
for more than about 2400 years, i.e., well within the post-Laurentide deglacia epoch.
However, a series of severa ice sheet advances and retreats of comparable with the
most recent Laurentide glaciation have been documented in the Central Plains during
the Pleistocene [Richmond and Fullerton, 1986], and one might expect corresponding
cycles of NMSZ deformation associated with each glaciation. One way of addressing
this is to postulate that present rates may only be applicable to the period spanned by
documented earthquake occurrence. If deglaciation-induced crustal weakening and
consequent deformation has a significant lag time, then deformation may accelerate
only severa thousand years after deglaciation. This affords the possibility of distribu-
ing total post-Eocene accumulated deformation among the several Pleistocene and
Holocene post-glacial epochs, and it would be consistent with the known chronology

of seismic activity in the NMSZ.

Sinking of the mafic body led to large tensile vertical stress concentration in the
upper crust directly above it. Simple calculations of the response of the elastic upper
crust to the estimated loads applied at its base show that, in the presence of the
regionad ENE-WSW regional compressive stress, Coulomb failure stress steps of
10! - 102 bars are generated in the sense to promote thrust faulting on NW-SE trending

faults at al depths and right-lateral strike-slip faulting on deeper (8-16 km) NE-SW
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trending vertical faults. The promotion of thrust and reverse faulting is especialy
strong within the upper crustal domain directly above the mafic body, and it may
potentially lead to substantial secondary strike-dlip faulting on NE-SW trending verti-
cal faults marginal to the zone of most intense thrust faulting. Following a large set
of earthquakes in the NMSZ, reloading and subsequent renewal of these stress concen-
trations would be accomplished by further sinking of the mafic body, beginning the

cycle anew.

Although shallow reverse faulting has produced localized uplift (Lake county
uplift), our model predicts flexural downwarping associated with the downward-pulling
mafic body. This appears consistent with the Quaternary history of re-routing of the
Mississippi river, characterized by an eastward migration of the ancestral Ohio River
and diversion of the ancestral Mississippi River to its present confluence with the Ohio
River north of the NMSZ [Van Arsdale et al., 1995]. This is supported by a substan-
tial post-Eocene differential uplift east of the stepover zone on the Cottonwood Grove
and Ridgely faults [Van Arsdale et al., 1998]. Further tests of the proposed stress con-
centration model could be achieved with longer and more distributed GPS observa
tions, a better understanding of the Quaternary movements on the faults bounding
Crowley’s Ridge, independent evidence for lower crustal weakening in the fault zone,
and high-resolution seismic imaging of the lower crust and upper mantle beneath the

NMSZ.
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FIGURE CAPTIONS

Figure 1. Seismicity of the New Madrid seismic zone and related structural
features. A rift pillow imaged by seismic refraction and gravity data [Stuart et
al., 1997] is outlined with red contours, with depth to the top of the rift pillow
given in km. A conservative estimate of its volume is 10 x 30 x 50 km®. With a
density contrast with respect to the surrounding lower crust of 150 kg m™, assum-
ing the rift pillow had been 50% supported by elastic strain in the lower crust
prior to weakening, the downward pull exerted by the rift pillow is 1.1 x 10 N.
Compiled from Figure 1 of Suart et al. [1997] and a seismicity catalog provided

by the Center for Earthquake Research and Information, University of Memphis.

Figure 2. Glacial unloading of the last North American glacial maximum based
on Dyke and Prest [1987] as depicted by

http://www.museum.state.il.us/exhibits/larson/glaciers.html

Figure 3. The initiation of an earthquake cycle in the NMSZ following the sud-
den weakening of the lower crust is modeled in terms of a coupled linear elastic-
viscoelastic system. Forward calculations of time-dependent displacement and
shear stress resolved onto vertical planes are performed by distributing negatively
buoyant rift-pillow material over an area of radius 15 km at (a) 25 km depth or
(b) the base of the upper crust. In both cases the center of the applied load
directly overlies the center of the rift pillow. Both initial static deformation and a
snapshot of evolved deformation (after relaxation of the lower crust) are shown

on a vertical plane bisecting the cylindrical area.

Figure 4. (@) Horizontal and (b) vertical velocity at Earth’s surface as a function
of distance from the upward projection of the center of the rift pillow and time

since initiation of the load. Positive vertical velocity is reckoned up. (c) Loca
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tions of Crowley’s Ridge and the Cottonwood and Ridgely faults. Plus (+) and

minus (-) symbols indicate differential uplift across the indicated fault zones.

Figure 5. (@) Horizontal velocity field as constrained by GPS observations from
1993 to 1998 [Newman et al., 1999], with 95% confidence ellipses, shown in
green. The synthetic velocity field evaluated 200 years after the initiation of a
cycle, assuming the center of the rift pillow to be 36.3°N, 89.6°W, is shown in
red. (b) Distribution of coherence y (equation (2)) between observed and syn-
thetic velocity fields as a function of the center of the rift pillow. Depth contours
(km) to the top of the known imaged rift pillow are shown in red, as in Figure 1.
The red 'x’ marks 36.40°N, 89.65°W. Epicenters of magnitude 2.0 - 3.5 earth-

guakes from 1974 to 1998 are superimposed.

Figure 6. Coulomb failure stress for a defined dlip sense (equation (3)) on
hypothetical failure planes is shown for pure thrust faulting on 35°W-trending at
(& ¢) 5 km depth and (b, d) 10 km depth. The assumed coefficient of friction is
0.4in (a b) and 0.8 in (c, d).

Figure 7. Coulomb failure stress for a defined dip sense (equation (3)) on
hypothetical failure planes is shown for pure strike-dlip faulting on N40°E-
trending vertical faults a (a, ¢) 5 km depth and (b, d) 10 km depth. The assumed

coefficient of friction is 0.4 in (a b) and 0.8 in (c, d).

Figure 8. Flow fields associated with (a) distributed force on the viscoelastic
model, averaged over the first 400 years of a seismic cycle and (b) Stokes flow
associated with a 25-km-diameter sphere sinking through a viscous fluid at a rate

of 2 cm/yr. The flow fields in Figures 3a and 8a are identical.
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Figure 8

10 cm/yr
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