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Studies of the Earth’s response to large earthquakes can be viewed
as large rock deformation experiments in which sudden stress
changes induce viscous flow in the lower crust and upper mantle
that lead to observable postseismic surface deformation'.
Laboratory experiments suggest that viscous flow of deforming
hot lithospheric rocks is characterized by a power law in which
strain rate is proportional to stress raised to a power, n (refs 2, 3).
Most geodynamic models of flow in the lower crust and upper
mantle, however, resort to newtonian (linear) stress—strain rate
relations*'°. Here we show that a power-law model of viscous
flow in the mantle with n = 3.5 successfully explains the spatial
and temporal evolution of transient surface deformation follow-
ing the 1992 Landers'' and 1999 Hector Mine'? earthquakes in
southern California. A power-law rheology implies that viscosity
varies spatially with stress causing localization of strain, and
varies temporally as stress evolves, rendering newtonian models
untenable. Our findings are consistent with laboratory-derived
flow law parameters for hot and wet olivine—the most abundant
mineral in the upper mantle—and support the contention that, at
least beneath the Mojave desert™®, the upper mantle is weaker
than the lower crust.

High-temperature, high-pressure creep experiments suggest that
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Figure 1 GPS observed and calculated horizontal postseismic surface displacements
following the 1992 Landers and 1999 Hector Mine earthquakes in the Mojave desert of
southern California. Two separate GPS data sets are used: campaign data following the
Landers earthquake'" and continuous data following the Hector Mine earthquake'?. The
campaign data (grey arrows) are shown relative to station LAE4, while the continuous data
(white arrows) are relative to station LDSW. Post-Landers campaign data (Emerson
transect) span July 1992 through to February 1998. Post-Hector Mine continuous data
span October 1999 through to December 2002. Calculated displacements are based on a
finite element model that incorporates a power-law rheology of predominately mantle flow
(model 8 in Fig. 2, see Table 1 for power-law parameters).
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warm rocks deform by a thermally activated flow law of the form:
&= Ag"e"YRD (1)

where & is strain rate (s~ '), A is a pre-exponential factor
(MPa™"s™"), o is the differential stress (MPa), n is the power-law
exponent, Q is the activation energy (k] mol '), R is the universal
gas constant (J mol 'K, and Tis temperature (K)*>?. Laboratory
experiments suggest that for conditions associated with the lower
crust and the upper ~200km of the mantle”, flow should be
accommodated by dislocation creep (involving dislocation glide
and recovery processes such as dislocation climb), where the
exponent, #, is usually between 2 and 4 (refs 2, 3). Dislocation
creep is supported by preferred mineral-axis orientations inferred
from observations of seismic anisotropy'* and similarities between
microstructures observed in naturally and experimentally deformed
rocks'.

The effective viscosity (n = 0/2¢) of a power-law material is given

by:
n= U(I_n)e(Q/RT)/ZA )

The stress dependence in equation (2) implies that viscosities
decrease when stresses increase, such as immediately below and
after an earthquake. Pre-earthquake viscosities will be restored as
earthquake-related stresses are dissipated by viscous flow. With a
high power-law exponent (n > 3), the coseismic decrease in vis-
cosity can be quite significant, inducing very rapid early postseismic
strain rates. Compared to newtonian (n = 1) rheologies, the
reduction of postseismic strain rates associated with power-law
flow would be highly accelerated. Thus, a close monitoring of
deformation rates as a function of time, such as that provided by
global positioning system (GPS) time-series data, can serve as a
diagnostic test to differentiate between power-law and newtonian
rheologies.

A hint as to the nonlinear nature of postseismic flow was evident
in previous newtonian studies of the 1992 M, = 7.3 Landers and
1999 M,, = 7.1 Hector Mine earthquakes that occurred in the
Mojave desert of southern California. In a post-Hector Mine
study’, the inferred average viscosity for the first eight months of
postseismic relaxation was an order of magnitude smaller than that
inferred from deformation measurements spanning a three-year
period starting three months after the Landers earthquake®, leading
Pollitz et al.® to infer a nonlinear rheology. Refs 16 and 7 also
suggested the possibility of nonlinear rheology on the basis of
observations of strain-rate change in post-Hector Mine and post-
1906 San Francisco earthquake time-series data, respectively.

The Landers and Hector Mine earthquakes occurred only 20 km
apart, making it likely that the postseismic observations of both
events result from the response of the same lithosphere. The coupled
nature of these earthquakes thus makes them ideal for a stringent
rheology study in that a candidate rheologic model must satisfy the
postseismic observations associated with both events. We focus here
on two particular data sets that allow us to address the evolution of
deformation with time: nine repeatedly surveyed campaign GPS

Table 1 Laboratory-derived power-law parameters considered in this analysis

Rock type A(MPa"s™ ") N Q (kJmol™") Reference number
Wet quartzitet 22x10°° 2.7 120 25
Wet quartzite2 6.3x 1072 4.0 135 15
Dry quartzite 1 1.0x107° 2.0 167 26
Dry quartzite 2 31 %107 2.3 171 27
Aplite 3.3%x1077 3.1 163 26
Quartz-diorite 1.3x10°° 2.4 219 28
Anorthosite 3.2x107% 3.2 238 26
Diabase 22x107* 3.4 260 26
Dry olivine 1.1x10* 3.5 535 29
Wet olivine* 3.6 x 10° 3.5 480 29

*For wet olivine, we fold water content into the A term by using the formulation A* = AC3,, where
we assume constant C oy = 1,000H/106Siand use A = 90 MPa 2°s~'andb = 1.2 fromref. 29
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stations along the USGS Emerson transect'' provide time series
spanning both earthquakes, and 18 continuous SCIGN GPS stations
provide highly precise and temporally dense measurements follow-
ing the Hector Mine earthquake'* (Fig. 1).

To infer the nature of viscous flow beneath the Mojave desert we
developed a finite element model of the Landers and Hector Mine
sequence that simulates coseismic slip associated with both
events'”'®, a regional background strain rate, and rheologic models
that consider both newtonian and temperature-dependent power-
law rheologies. Our approach builds on our previous newtonian
modelling studies of rheology and earthquake stress transfer associ-
ated with the Landers and Hector Mine sequence®’.

Previous analyses have suggested near-field (within 10-20 km)
post-Landers deformation could be explained by a combination of
poroelastic rebound and lower crustal flow' or a combination of
poroelastic rebound and afterslip*®. However, our modelling
suggests that using poroelastic rebound in conjunction with
viscous flow or afterslip to explain near-field post-Landers surface
deformations leads to a significant underprediction of post-Landers
far-field deformations (see Supplementary Fig. 1) and a pattern of
post-Hector Mine surface deformations inconsistent with obser-
vations (see Supplementary Fig. 2a). In addition, the stability of the
azimuth of post-Hector Mine GPS motions (see Supplementary
Fig. 2b) and InSAR deformation patterns® support a single
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dominant deformation mechanism. We therefore consider a sim-
pler (only one mechanism) yet advanced model that assumes
power-law flow. Nevertheless, the potential contributions of mul-
tiple mechanisms cannot be ruled out.

Our analysis seeks to determine the combination of thermal
gradient and assumed power laws that are consistent with the
observed heat flow, geology and seismic velocities in the region, as
well as with the observed postseismic deformation. We consider a
range of power laws (Table 1) reflecting uncertainty in the miner-
alogy of the lithosphere and extrapolation from laboratory to
geological conditions. Thermal gradients for the Mojave crust are
estimated by assuming conductive heat transfer constrained by
surface heat flow measurements that range from 52 to
69mWm™ 2, leading to inferred temperatures of 520 = 50 to
780 £ 50°C at the base of a 30-km-thick crust*'. Below the crust
we assume a rapid transition to an adiabatic temperature gradient
(0.5°Ckm™") in the shallow upper mantle based on seismic
velocities that suggest a thin (5 to 10-km-thick) mantle lid overlying
relatively shallow, and probably convecting, asthenosphere®?*.
These constraints lead us to consider a range of possible thermal
gradients for the Mojave region, as shown in Fig. 2a.

Because power-law viscosity is dependent upon the absolute
stress field, we begin each calculation by applying an inferred
regional strain rate until steady-state stress levels are achieved in

Model a Modelled geotherms
number Crust Mantle 0
1 wet quartzite 1 dry olivine J
2 dry quartzite 1 dry olivine 20
3 dry quartzite 2 dry olivine Crust
4 wet quartzite 1 wet olivine _ Mantle
€ 40
5 dry quartzite 1 wet olivine <
e 4
6 dry quartzite 2 wet olivine ‘é
. . 0 60
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8 aplite wet olivine 1
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Figure 2 Testing of candidate rheologic models. Modelled geotherms (a) and misfits
between post-Landers and post-Hector Mine GPS observed and calculated surface
displacement time series for candidate power-law (b) and newtonian (¢) models. Each
curve in b represents a series of models with the same mineralogy but varying geotherm.
Power-law models that consider a wet (weak) mantle are shown as solid lines, while
power-law models that consider a dry (strong) mantle are shown as dotted lines. Shown
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Mantle viscosity (Pa s)

with each curve is the model number from the list above and the relative surface
deformation contributed by crustal and mantle flow, respectively. Assumed power laws for
each rheology are shown in Table 1. Misfits for newtonian models are shown as a function
of the upper mantle viscosity (3050 km depth). Each curve in ¢ represents a newtonian
model with a different relative strength between the crust and mantle, denoted by the
relative percentage of surface deformation induced by flow within each layer.
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regions below a depth of ~18 km. We assume a shear strain rate of
0.1 X 10 °yr~' directed along a strike of N40°W (ref. 11). By
applying this regional strain rate to the model for several hundred
years before initiating the Landers earthquake, we create a pre-
Landers absolute stress state consistent with the assumed thermal
gradient and rheology at depths warm enough to participate in
postseismic relaxation. Once steady-state stress levels are achieved,
slip associated with the 1992 Landers earthquake is applied and the
crust and upper mantle are allowed to relax for 7.3 years, at which
time slip associated with the 1999 Hector Mine quake is imposed.
Following this, the region is allowed to relax for an additional 4
years.

In addition to power-law rheologies, we also develop a series of
newtonian (n = 1) models in order to assess the importance of the
power-law exponent in explaining the observed postseismic surface
deformation. Newtonian models consider an 18-km-thick elastic
upper crust, a 12-km-thick viscoelastic lower crust, and a 20-km-
thick viscoelastic uppermost mantle above a 100-km-thick astheno-
spheric layer. A single newtonian viscosity is assigned for each layer.
Because of increasing temperatures with depth, we assume that the
upper mantle layer has a viscosity three times greater than the
asthenosphere below.

To compare modelled and observed deformation, we define the
misfit x 2 as

1L 1 &
P= — V2 /52
X _N; MZ [(observed,- ;j — calculated; ;) /ai‘]} 3)

=1

where j are the individual time-series observations for each GPS
station i, and the misfit is weighted by the estimated variance
associated with each observation. We calculate misfits for the
horizontal and vertical displacement time series following both
earthquakes.

Figure 2b shows the misfit for various combinations of crustal
and mantle power-law rheologies as a function of thermal gradient.
The best models (lowest misfit) are those in which the percentage of
surface deformation due to flow in the mantle (bottom number in
parenthesis in Fig. 2b) is greatest. Thus, it is models that consider
wet olivine in the upper mantle (solid curves in Fig. 2b) in
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Figure 3 Comparison of representative observed and calculated postseismic
displacement time series (station OPCX following the Hector Mine earthquake'?). Power-
law mantle flow model (solid curve) is model 8 in Fig. 2 (aplite, wet olivine,

T 40xm = 1,225 °C; power-law parameters listed in Table 1). Newtonian models consider
predominately mantle flow with low viscosity (2.5 x 10'® Pas, dotted curve) and an order
of magnitude higher viscosity (2.5 x 10'°Pas, dashed curve) that match early and late
time-series slopes, respectively. The curve associated with the high-viscosity newtonian
model has been raised to show where the slope matches the observed time series.
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conjunction with a much stronger crust, such as one composed of
diabase, that provide the best fit to the data. A mantle temperature
of ~1,300 °C at 50 km depth indicated by the best-fitting power law
models is consistent with thermal models derived from seismic
tomography of western North America® and evidence of a shallow
asthenosphere inferred from Mojave desert xenoliths**. Dry olivine
in conjunction with a strong crust can also provide a good match to
the time-series data, but the required geotherm is far greater than
that allowed by heat flow constraints. In agreement with previous
studies™®, lower crustal flow models lead to poor fits because the
predicted vertical motions are anticorrelated with GPS observations
(see Supplementary Fig. 3) and the spatial extent of horizontal
surface deformation is underpredicted. The goodness of fit of a
power-law model of mantle flow (model 8 in Fig. 2b, n = 3.5) for
cumulative postseismic displacements after the Landers (5.5 yr) and
Hector Mine (3.2 yr) earthquakes is shown in Fig. 1 (black arrows).

In comparison to the best power-law models, newtonian models
predict the GPS observations poorly (Fig. 2¢). The superior fit of the
power-law model can be attributed to the manner in which the
viscosity of the power-law rheology increases with time as coseismic
stresses diminish (equation (2)). Although deformation rates of
both newtonian and power-law rheologies diminish with time, the
rate decrease is much more rapid for a power-law rheology owing to
this increase in viscosity. This is illustrated in Fig. 3, which shows
how two distinct newtonian models, an order of magnitude
different in viscosity, are required to fit early versus late periods of
the time-series data. In contrast, a single power-law rheology (solid
curve) can fit the time-series curvature (Supplementary Fig. 3 shows
the complete set of observed and predicted GPS time series).

The stress dependence of power-law flow inferred by our calcu-
lations means that the viscosity of the upper mantle changes as a
function of time after an earthquake. Thus, a newtonian viscosity
inferred from a study of surface displacements for a given period of
time following a particular loading event provides only limited
insight into the rheologic properties of the region, and cannot be
readily extrapolated to other loading conditions, time intervals or
regions. Careful integration of laboratory results with geological,
geophysical and geodetic measurements promises to reveal further
details of the laws governing the deformation of the Earth. O
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Although molecular data have revealed the vast scope of
microbial diversity', two fundamental questions remain unan-
swered even for well-defined natural microbial communities:
how many bacterial types co-exist, and are such types naturally
organized into phylogenetically discrete units of potential eco-
logical significance? It has been argued that without such infor-
mation, the environmental function, population biology and
biogeography of microorganisms cannot be rigorously explored®.
Here we address these questions by comprehensive sampling of
two large 16S ribosomal RNA clone libraries from a coastal
bacterioplankton community. We show that compensation for
artefacts generated by common library construction techniques
reveals fine-scale patterns of community composition. At least
516 ribotypes (unique rRNA sequences) were detected in the
sample and, by statistical extrapolation, at least 1,633 co-existing
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ribotypes in the sampled population. More than 50% of the
ribotypes fall into discrete clusters containing less than 1%
sequence divergence. This pattern cannot be accounted for by
interoperon variation, indicating a large predominance of closely
related taxa in this community. We propose that such micro-
diverse clusters arise by selective sweeps and persist because
competitive mechanisms are too weak to purge diversity from
within them.

Traditional species concepts have largely been concessions to the
need to identify bacteria reproducibly, but none adequately describe
natural units of microbial diversity’. It has recently been proposed
that natural taxa are distinct groups of strains that arise by periodic
selection—a process of continuing, selectionally neutral, diversifica-
tion punctuated by adaptive mutations leading to selective sweeps®*.
The latter events purge all sequence variants except those associated
with the genome carrying the adaptive mutation*. One of the
attractive features of this concept is that it should be applicable to
molecular surveys of microbial diversity because taxa would be
identifiable in phylogenetic trees as distinct clusters of closely
related sequences'. Moreover, such clusters should be detectable
independently of the gene used to construct these trees as long as the
accumulation of variation is commensurate with the occurrence of
sweeps’. However, this theory has not been applied to broad-scale
studies of bacterial diversity in the environment. Over the past 20
years, diversity studies have primarily been based on analyses of 16S
rRNA clone libraries but it has remained uncertain to what extent
fine-scale patterns of variation are due to sequence artefacts, to
heterogeneity among paralogous operons or to the co-existence of
similar but differentiated taxa'. Furthermore, it has not been
explored whether naturally defined units of differentiation emerge
from recently released shotgun sequence data from the Sargasso
Sea®.

We deduced that the discovery of ecologically significant patterns
of relationships between co-existing ribotypes requires, first, an
examination of clone libraries large enough to elucidate relation-
ships at all levels of differentiation, and second, methods that
minimize and account for the contribution of sequence artefacts
and paralogous variation to diversity estimates. We sequenced
about 1,000 clones from each of two polymerase chain reaction
(PCR)-derived 16S rRNA libraries constructed from the same
coastal bacterioplankton sample. The first library employed com-
mon (standard) amplification protocols. For the second, a modified
protocol was designed to minimize artefacts and to identify Taq
errors and chimaeric molecules through extensive sequence analyses
(see Methods). This approach allowed the most comprehensive
analysis of any single gene from co-occurring populations so far,
even in view of the recently released Sargasso Sea study, which in
aggregate sampled a similar number of rRNA genes but from several
locations, dates and diverse biogeochemical conditions®. Our over-
all rationale was to achieve high coverage of rRNA genes from a
single community while estimating and compensating for the
influence of artefacts on ribotype diversity, potentially revealing
emergent patterns.

Comparison of the two libraries showed that changes to the
amplification protocol alone decreased the incidence of unique
sequences from 76% (692 of 909) in the standard to 61% (686 of
1,131) in the modified library. Correction for chimaeras and Taq
error lowered the percentage to 48% (516 of 1,067) unique
sequences (Fig. 1a), demonstrating a potentially significant contri-
bution of PCR-induced artefacts to (micro)diversity estimates.
Consequently, these corrections yield a significantly lower estimate
of total ribotype diversity for the sampled community when
compared with the unmodified standard library (1,633 versus
3,881) with the use of the Chao-1 estimator’. A novel estimator
(NT/Nay) (ref. 2) yielded a similar value of 2,236 sequences for the
corrected data set. This good agreement, combined with the low
incidence of chimaeras and the observation that corrections account
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