
occur at relatively lower temperatures. Di- and
triiodides vaporize at around 1273 K during
vacuum distillation but condense at different
temperatures. The nonvolatile impurity oxyio-
dides remain in the Mo boat and can be sepa-
rated from the diiodides completely. Thus, the
oxyiodides do not affect the separation between
di- and triiodides. We have conducted prelimi-
nary experiments on the separation of Sm and
Dy at 1273 K from an iodide melt. The results
calculated from the compositions of diiodide-
rich and triiodide-rich deposits suggest a sepa-
ration factor b9Sm/Dy 5 2300. The value is large
enough to produce pure metals. Although ther-
modynamic properties of diiodides at elevated
temperature have not been well established, the
iodide route appears to be more promising for
rare earth separation using the technique de-
scribed here.

Wet processes such as solvent extraction
are generally associated with complicated
flow sheets (1). First, the rare earth raw
minerals have to be decomposed and dis-
solved in aqueous solution. After an elab-
orate separation process for rare earths in-
volving several cycles, concentration of the
solution, precipitation, filtering, drying,
and calcination are required for obtaining
purified rare earth oxides. In the conven-
tional reduction processes, the oxides are
directly reduced to metals or converted to
halides. The halides are then reduced to
metals. Thus, the halides separated by the
present process can be directly transferred
to the conventional halide reduction pro-
cess or used in the oxide reduction process
after the pyrometallurgical conversion to
oxides. The dry process proposed here pro-
vides an easier path with fewer process
steps than the wet process. The differences
in the redox potential and vapor pressure of
compounds in different oxidation states of
rare earths provide better opportunities for
the design of suitable separation processes
compared with the conventional process
using only incremental variation of chemi-
cal properties with atomic number for a
given oxidation state.
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A Mechanical Model for
Intraplate Earthquakes:

Application to the New Madrid
Seismic Zone

Shelley J. Kenner*† and Paul Segall

We present a time-dependent model for the generation of repeated intraplate
earthquakes that incorporates a weak lower crustal zone within an elastic
lithosphere. Relaxation of this weak zone after tectonic perturbations transfers
stress to the overlying crust, generating a sequence of earthquakes that con-
tinues until the zone fully relaxes. Simulations predict large (5 to 10 meters)
slip events with recurrence intervals of 250 to 4000 years and cumulative
offsets of about 100 meters, depending on material parameters and far-field
stress magnitude. Most are consistent with earthquake magnitude, coseismic
slip, recurrence intervals, cumulative offset, and surface deformation rates in
the New Madrid Seismic Zone. Computed interseismic strain rates may not be
detectable with available geodetic data, implying that low observed rates of
strain accumulation cannot be used to rule out future damaging earthquakes.

During the winter of 1811 to 1812, three large
intraplate earthquakes with cumulative mag-
nitude Mw 5 7.5 to 8.3 (1) occurred within
the New Madrid Seismic Zone (NMSZ) (Fig.
1). Despite extensive research, our under-
standing of the processes that generate in-
traplate earthquakes such as these is limited.
Seismicity in the NMSZ is presently limited
to a zone ;250 km long (Fig. 1). Events on
the two northeast trending lineaments have
right-lateral mechanisms, whereas events in
the northwest trending, compressional step-
over are predominately reverse (2).

Dating of paleoliquefaction features and
trenching along the central thrust fault reveal at
least two prehistoric earthquakes of comparable
size to the 1811–12 earthquakes, with inter-
event times of ;500 years (3). Fault slip during
the 1811–12 earthquakes is estimated at ;8 m,
based on isoseismal areas and empirical mag-

nitude-length relations (4). Gravity and mag-
netic studies require strike-slip offsets of ,10
km (5). However, dip-slip offsets of ,70 to
80 m on the central thrust (6, 7) limit cumula-
tive strike-slip displacements to ;100 m, im-
plying a recent initiation of faulting (4). Slip-
rates on the central thrust fault increased from
,0.001 mm/year before the Holocene to 1.8
mm/year during the Holocene and 6.2 mm/year
in the Late Holocene (7).

Comparison of Global Positioning System
(GPS) data with 1950s triangulation surveys
indicated strain accumulation rates of 1.1 3
1027 year21 (0.44 3 1027 to 2.0 3 1027 at
95% confidence) in the NMSZ (8). GPS sur-
veys conducted between 1991 and 1997,
however, yield strain accumulation rates that
are not significantly different from zero (9,
10), given the current 95% confidence detec-
tion level of ;1 3 1027 year21 (11). GPS
site velocities far from the seismic zone are
negligible (9), consistent with the intraplate
tectonic environment. The low strain-rates
led Newman et al. to conclude that the po-
tential for large earthquakes in the NMSZ
was “significantly overestimated” (9). These
authors interpret the geodetic velocities with
an infinitely long screw dislocation (12) in
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which relative far-field velocities equal the
deep interseismic slip-rate, as appropriate for
plate boundary settings. To properly interpret
the geodetic data, we require a model appro-
priate for intraplate regions.

There is no widely agreed upon mechan-
ical explanation for intraplate earthquakes
(e.g., 13–16). We present a time-dependent
mechanical model for the generation of re-
peated large intraplate earthquakes. We ex-
plicitly include stress-controlled coseismic
rupture and postseismic perturbations to the
deformation field. As in the NMSZ, relative
motions in the far field are zero (9).

The key to our model is a postulated lower
crustal weak zone embedded within the elas-
tic lithosphere. As in other intraplate seismic
zones, the NMSZ is located within a repeat-
edly re-activated rift (16–18). Slightly elevat-
ed heat flow (19) and lower upper mantle
velocities (20) suggest a locally weak lower
crust and upper mantle (15, 21). Relaxation
of the weak zone could have been induced by
a loss of strength due to, for example, a
thermal or fluid pressure perturbation, or by a
transient change in regional stress. Re-equil-
ibration after such localized perturbations
transfers stress to the upper crust. This may
trigger slip on overlying faults, generating a
sequence of earthquakes that continues until
the weak zone reaches its fully relaxed state.
Coseismic slip, in turn, partially reloads the
lower crust causing cyclic stress transfer,
which prolongs the relaxation process.

For weak zones of finite lateral extent
subject to constant far-field stresses, the net
fault offset remains finite as the weak zone
relaxes. Consequently, the number of large
slip events is finite. Thus, the model imme-
diately satisfies observations of small cumu-
lative fault offset, limited lateral extent of
seismicity, and the absence of far-field rela-
tive motion. Finite element calculations (22)
quantify the amount of coseismic slip, earth-
quake magnitudes, recurrence intervals, and
surface deformation rates. The numerical
model includes a three-dimensional rectangu-
lar weak zone (Fig. 2) with Maxwell vis-
coelastic rheology (23) and dimensions esti-
mated from topographic, seismic (20), and
gravimetric (5) investigations (Table 1). Ini-
tially, the entire body is uniformly stressed
(t13 5 t`, all other components are zero) and
in equilibrium with the far-field boundary
conditions, t`. In the calculations, an initially
infinite weak zone viscosity is instantaneous-
ly decreased to some finite value. In reality,
this loss of strength (e.g., thermal event) or a
corresponding increase in stress would occur
over a finite time interval. In each model
earthquake, fault slip initiates when the re-
solved shear stress reaches tmax at some point
on the fault and continues until the stress is #
tresidual everywhere (24). Because slip weak-
ening and dynamic rupture are not modeled,
only general characteristics of the largest
model slip events are resolved.

Estimates of t` are obtained by requiring
that the total fault offset utot does not exceed
the observed bound of ;100 m (6, 7). For an
elastic crack utot ' 2(t`/m)dw, if dw 5 40
km, t` is ;44 MPa (25). If the upper mantle
relaxes on a regional scale, the fundamental
behavior of the model will not change but
total fault displacement will scale with the
length of the fault zone, allowing smaller
stresses to drive equivalent slip. The charac-

Table 1. Model rheologies and parameters. m, the
shear modulus, and n, the Poisson’s ratio, are
applied uniformly. hw is the weak zone viscosity.

Symbol Magnitude range

hw 1021 Pa-s
m 35 GPa
n 0.25
t` 10 to 60 MPa
tmax 12 to 75 MPa
tresidual 0 to 55 MPa
dw 40 to 60 km
Ww 5 to 75 km

Fig. 1 (left). NMSZ in
the south-central Unit-
ed States with seismici-
ty shown by circles. Sol-
id triangles denote
sites in the continu-
ous network used in
the GPS uncertainty
calculations. Solid and
open triangles are
included in the cam-
paign network. All
sites are part of the
existing Stanford Uni-
versity campaign GPS

network in the NMSZ. Fig. 2 (right). Model schematic. Light gray areas are elastic.
Dark gray area is the weak zone. White area represents the seismogenic fault. Ww is the
width and dw is the depth to the base of the weak zone.

Fig. 3. (A) Cumulative moment versus time for
(i) t` 5 60 MPa, t max 5 62 MPa, and t residual 5
50 MPa (thin solid line) and (ii) t` 5 25 MPa,
t max 5 27 MPa, and t residual 5 15 MPa (thin
dashed line). In both cases, Ww 5 75 km and
dw 5 40 km. Only the largest slip events are
considered meaningful (thick gray lines). (B)
Model 1 surface velocities immediately after a
major earthquake at ;3850 years. The fault
midpoint is at (0,0). The symmetry plane (22) is
at x3 5 0. For lower model stresses, e.g., Model
2, predicted surface velocities are lower by at
least a factor of 2.
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teristic time for weak zone relaxation, which
controls the duration of the earthquake se-
quence, is approximated by Ttotal ' 4.6(hw/
m) (26). For Ttotal ' 10,000 years, we esti-
mate a viscosity hw of 1021 to 1022 Pa-s.

Numerical calculations show that relaxation
of the weak zone generates a sequence of large
slip events, with maximum offset of ;5 to
10 m and moment magnitudes of 7.5 to 8.0.
Moment release rates decrease with time, and
recurrence intervals, typically 250 to 4000
years, increase with time as the weak zone
approaches its fully relaxed state and the earth-
quake generation process grinds to a halt (Fig.
3A). Reasonable variations in model parame-
ters (Table 1) do not change this behavior.
Increasing t` increases the number of large
events and the total offset, while decreasing the
recurrence interval. A simple analytical model
(27) suggests that recurrence interval scales
with (hw/m)(tmax – tresidual)/t` and increases
exponentially with mt/hw. In fact, numerical
estimates of average recurrence interval scale
with the ratio (tmax – tresidual)/t` (Fig. 4);
however, they increase more slowly with time
because of postseismic stress cycling.

Maximum interseismic fault parallel ve-
locities occur at a lateral distance from the
fault that depends on the weak zone’s width
and depth extent (Fig. 3B). At greater dis-
tances, velocities approach zero, as appropri-
ate for intraplate regions. Velocities decay
with time following the onset of relaxation
(t 5 0). For the considered parameters (Table
1), maximum velocities never exceed 1.5 cm/
year. For more realistic models, in which the
perturbation in weak zone strength or stress
occurs over a finite time interval, peak veloc-
ities would be even lower. For relatively high

remote stress (Fig. 3A, Model 1), engineering
shear strain-rates, across a 100-km region
bracketing the fault at its midpoint, immedi-
ately after large slip events at 1360, 3850
(Fig. 3B), and 8650 years, are ;1 3 1027

year21, ;2 3 1028 year21, and ;9 3 1029

year21, respectively. For lower stress (Fig.
3A, Model 2), strain-rates are ;3.3 3 1028

year21, ;1.8 3 1028 year21, and ;5.5 3
1029 year21 at 1820, 2850, and 5500 years,
respectively. For comparison, strain-rates
along the San Andreas fault are ;3 3 1027

year21 to 6 3 1027 year21 (28). In our
model, intraplate earthquakes are caused by
stress transferred to the seismogenic fault
from a local source in the lower crust and
upper mantle. As a result, large earthquakes
can occur every 500 to 1000 years, even
though surface deformation rates are less than
the detection level of prior GPS surveys,
;1 3 1027 year21 (11). This demonstrates
that existing geodetic data cannot be used to
rule out the occurrence of future damaging
earthquakes in the NMSZ.

Model predictions of earthquake magni-
tude, coseismic slip, recurrence interval, cu-
mulative offset, and surface deformation rate
agree with observations from the NMSZ
within uncertainties (1, 3–11). Further work
is needed to determine what might create a
zone of weakness beneath the NMSZ (15–21)
and to understand what processes acted in the
Holocene to accelerate deformation. Local or
regional perturbations in stress, pore pres-
sure, or thermal state may have triggered
weak zone relaxation. A strong candidate is
recession of glacial ice sheets from central
North America ;14,000 years ago (29, 30)
and subsequent sediment emplacement and

subsidence in the Mississippi alluvial valley
(31).

Though model-predicted strain-rates are
low, they are detectable with well-designed
geodetic experiments. The uncertainty in
geodetic strain-rate depends on the number
and distribution of stations, monument stabil-
ity, the accuracy of the observations, and the
observation interval. Assuming spatially uni-
form strain, random benchmark motions (32),
and measurement error (33), we determine
strain-rate uncertainty (34) for a 28-station
campaign network and a 5-station permanent
network (Fig. 1). The scale of the local
benchmark wobble, characterized here as
Gaussian random walk (32, 34), ranges from
,1 mm/=year to as much as 4 mm/=year in
California (32); however, geodetic monu-
ments in Mississippi valley sediments may be
less stable. We find (Fig. 5) that strain-rate
uncertainties of 1 3 1028 year21 can be
achieved in 20 years with the 28-station net-
work, as long as monument wander can be
kept below 4 mm/=year. Uncertainties of the
same magnitude can also be achieved with a
smaller continuous network if monument
wander is maintained at ,1 mm/=year.
Thus, predictions of the numerical models
presented here can be tested within a reason-
able time period, assuming careful attention
is given to geodetic monument stability.
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Dating of Pore Waters with 129I:
Relevance for the Origin of

Marine Gas Hydrates
Udo Fehn,1* Glen Snyder,1 Per K. Egeberg2

Pore waters associated with gas hydrates at Blake Ridge in the Atlantic Ocean
were dated by measuring their iodine-129/iodine ratios. Samples collected from
sediments with ages between 1.8 and 6 million years ago consistently yield ages
around 55 million years ago. These ages, together with the strong iodine
enrichment observed in the pore waters, suggest that the origin of iodine is
related to organic material of early Tertiary age, which probably is also the
source of the methane in the gas hydrates at this location.

Gas hydrates are a potentially large source of
energy and of greenhouse gases (1). Recent
surveys suggest that they are ubiquitous fea-
tures of continental slopes and that the energy
equivalent of the methane in hydrates could
potentially surpass that of all the known res-
ervoirs of crude oil and natural gas combined.
Marine gas hydrates commonly consist of
methane trapped in a lattice of water ice (2)
and are found in a specific depth range in
marine sediments, typically between 200 and
500 m below the seafloor (mbsf ). On seismic
profiles, the bottom of the gas hydrate zone is
indicated by a strong reflector, the bottom-
simulating reflector (BSR). Below the BSR,
free methane gas is common; its concentra-
tion is, however, considerably lower than the
methane bound as gas hydrates.

The origin and formation of gas hydrates
have been the focus of a growing number of
studies (1–3). Although it is generally as-
sumed that gas hydrates are related to the

deposition and subsequent diagenesis of or-
ganic matter in marine sediments, no consen-
sus exists on whether the methane in the
hydrates formed at their present location or
migrated from different source areas. To ad-
dress this question, we used the 129I system to
date the origin of these hydrocarbons.

The cosmogenic radioisotope 129I (half-
life of 15.7 million years) is produced by the
spallation of Xe isotopes in the atmosphere
and by spontaneous fission of 238U in the
crust. Both of these mechanisms contribute
similar amounts of natural 129I to surface
reservoirs (4). Iodine moves quickly through
most surface reservoirs and is considered iso-
topically homogeneous at the surface of
Earth, including the oceans and shallow sed-
iments. The isotopic equilibrium of I in sur-
face reservoirs has been disturbed recently by
releases from weapons tests and reprocessing
plants, which have increased the concentra-
tions of 129I in fresh waters, soils, surface
ocean water, and shallow sediments by sev-
eral orders of magnitude (5–8).

Iodine has one stable isotope, 127I, and its
isotopic composition is reported as 129I/I.
Recent sediments without anthropogenic I
have 129I/I of 1.5 3 10212 (5, 9). This ratio,
which is used as a starting value for 129I-
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