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difference in the resulting 96/dz is 0.2 X 10~* °Cm™". Taking this as the uncertainty in
90/0z, together with the uncertainty caused by the relatively small number of stations, we
allocate an uncertainty of 0.3 X 107 °Cm™". The vertical salinity gradient at this
isopycnal was 6.8 X 10™° m™" with an estimated uncertainty of 0.5 X 10~ *m™".

Geothermal heating

In some regions of the sea floor, geothermal heating is negligible. Flow through the oceanic
crust is a function of the age of the crust; younger crust provides greater heating. The
Scotia Sea exhibits a wide variety of ages. We estimate a typical value for G to be 0.1 Wm™?,
and use this in the heat budget equation with an uncertainty of 0.1 Wm™.

Seawater density, specific heat capacity

For the situation where geothermal heating is included, values for the in situ density of sea
water and the specific heat capacity are required. We used the HASO climatological data
set to determine representative median values. The uncertainty in these is negligible
compared with other uncertainties in the calculation.
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One of the greatest hazards associated with oceanic volcanoes is
not volcanic in nature, but lies with the potential for catastrophic
flank failure*. Such flank failure can result in devastating tsuna-
mis and threaten not only the immediate vicinity, but coastal
cities along the entire rim of an ocean basin’. Kilauea volcano on
the island of Hawaii, USA, is a potential source of such flank
failures® and has therefore been monitored by a network of
continuously recording geodetic instruments, including global
positioning system (GPS) receivers, tilt meters and strain meters.
Here we report that, in early November 2000, this network
recorded transient southeastward displacements, which we inter-
pret as an episode of aseismic fault slip. The duration of the event
was about 36 hours, it had an equivalent moment magnitude of
5.7 and a maximum slip velocity of about 6 cm per day. Inversion
of the GPS data reveals a shallow-dipping thrust fault at a depth of
4.5 km that we interpret as the down-dip extension of the Hilina
Pali-Holei Pali normal fault system. This demonstrates that
continuously recording geodetic networks can detect accelerating
slip, potentially leading to warnings of volcanic flank collapse.

Data from the Kilauea GPS network (Fig. 1) are routinely
analysed in 24-h batches at the US Geological Survey’s Hawaiian
Volcano Observatory (HVO). Figure 2 depicts the time series of
selected stations on Kilauea’s south flank as well as of three more
distant stations. The south flank stations show clear offsets of up to
15mm in early November, while the remote sites do not. The
estimated displacements between 8 November and 10 November
determined from the daily solutions are shown in Fig. 1. The spatial
coherence of the signal and the negligible displacements far from the
south flank (Fig. 1) rule out the possibility that the displacements
are an artefact of unmodelled errors in the GPS time series.

We interpret the deformation field as resulting from fault slip.
The data cannot be fitted by a dyke, sill, or expanding magma
chamber. Moreover, there is no evidence of summit deflation, which
usually accompanies magmatic activity. Nonlinear optimization® of
the observed displacements for the best-fitting fault geometry yields
a thrust, which dips shallowly (4° = 10°, uncertainties estimated
using a bootstrap method®) toward the volcano (Figs 1 and 3). The
average slip on the fault is 87 mm. The model-predicted displace-
ments fit the observations, including the vertical components (Figs 1
and 3), extremely well (normalized mean square error of 1.2). The
largest south flank earthquake during the first two weeks of
November was a magnitude 2.7, which occurred on 3 November
(Fig. 1). Thus, this event can be placed among the class of ‘silent’
earthquakes, which have been recently detected by large-scale
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continuously recording geodetic networks”®. This is, however, the
first recording of a silent earthquake in a volcanic environment.

Many authors have suggested that the persistent seaward motion
of Kilauea’s south flank results from slip along a basal decolle-
ment’™" at a depth of 7-8km (Fig. 3). The inferred depth of the
November 2000 event, however, is too shallow for it to have
occurred on this structure. Indeed, the uncertainties from the
bootstrap analysis reject a decollement source at better than 95%
confidence. Failure to account for material heterogeneity in the
earth is thought to bias geodetic estimates of fault depth". To
address this concern, we used the best-fitting fault from the analysis
above, which had assumed homogeneity, as a starting point for an
inversion in a three-layer earth model. Green’s functions for this
model were computed using propagator matrices'®". Rigidity was
estimated from a seismic velocity model for Kilauea'. The esti-
mated source depth does indeed increase, but only by 0.5km.
Assuming the variance of the depth estimated for the homogeneous
model is a reasonable approximation to the actual variance, we can
still rule out a decollement source with high confidence.

Other possible sources include listric normal faults associated
with the Hilina Pali-Holei Pali fault system and shallow thrusts
within the south flank wedge (Figs 1 and 3). Seismic reflection
profiling" has imaged landward dipping reflectors that have been
interpreted as thrust faults. Some of these structures have the same
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dip and approximate location as the modelled source of the
November 2000 slip event (see, for example, Fig. 4 of ref. 19).
Taken together, the normal faults and shallow thrusts are thought to
comprise a large landslide structure. The data are consistent with the
slip event having occurred on such a structure.

The daily GPS solutions put only broad constraints on the
duration of the slip event. Conventional kinematic processing of
the GPS data to produce solutions at shorter intervals should be
capable of resolving a signal of 15mm (refs 20, 21). However, the
stations with the maximum displacements were offline during the
slip event because of extensive flooding the previous week. More-
over, of the remaining stations, the one with the maximum
displacement (KAEP) is situated in a high multipath environment,
making sub-daily solutions poor. For these reasons, kinematic
processing failed to demonstrate a convincing signal at individual
stations.

Instead, we used the raw GPS observations to solve directly for
fault slip as a function of time, as described in the Methods section.
We find that slip began sometime after 18:00 on 8 November 2000
oMt and then proceeded at a nearly steady rate for about 36 hours
(Fig. 4). Measurements from a borehole tilt meter (ESC, Fig. 1) and
strain meter (STRS, Fig. 1) provide independent support for our
estimate of the source duration. Figure 4 compares the observed tilt
and strain to that predicted by the time-dependent slip model,

19°30'N
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Earthquake
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O M3

19°10'N

155°20'W

Figure 1 Observed (black) and predicted (orange) displacements from the November
2000 deformation event on Kilauea volcano. Error ellipses show 95% confidence regions,
based on the scaled covariance of the GPS data (scaling was estimated from the day-to-
day repeatability). Stations in white are continuous GPS; green stations are tilt meters; red
stations are strain meters. Hexagons depict seismicity from 1 to 14 November 2000;
those shown in yellow have source times within 36 h of the slip event. The white rectangle
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is the surface projection of the best-fitting source model (a uniform slip dislocation). The
dimensions of the fault are 16 X 7 km; the total slip was 87 mm with a rake of 148°.
These values and a nominal shear modulus of 3 X 10'° Pa lead to an equivalent ssismic
moment magnitude of M5.7. The black line locates the cross-section shown in Fig. 3.
Inset, location of study area on the Big Island of Hawaii.
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Figure 2 Horizontal displacement time series of six continuous GPS stations for 2000. The
velocity of the station MKEA, near the summit of Mauna Kea, has been removed. a, b, The
top three time series are from stations distant from Kilauea’s south flank. KOKB is in Kokee
Park, Kauai, HILO is at the airport in Hilo, Hawaii, and MOKP is on the summit of Mauna

which was estimated using GPS data alone. Data from the remaining
tilt and strain meters are substantially noisier, and although they are
consistent with the model predictions, provide no additional
information. The lack of a signal at the broad-band seismometer
at Kipapa (on the Hawaiian island Oahu) is again consistent with
the inferred source duration.

Nine days before the slip event, nearly 1 m of rain fell over the
southeastern Big Island (Fig. 2). The timing of this storm suggests a
possible causal relationship between the rainfall and the aseismic
slip. Rainfall has two effects on fault stability. First, the surface
loading instantaneously perturbs the stress throughout the south
flank. Second, the elevated water table causes a pore pressure
increase that diffuses into the volcano, decreasing the effective
normal stress on faults and thereby bringing them closer to failure.
The loading probably increased the Coulomb stress at the fault, but
the magnitude of the change is a small fraction of the total surface
load of approximately 0.1 MPa (for 1 m of water). The change in
pore pressure induced at shallow depths is given by: AP = pgAH/¢,

1016
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Loa volcano. a, b, The bottom three time series are from stations on the south flank
(Fig. 1). Note the significant offsets that occur in the south-flank time series that do not
occur at the more distant stations. ¢, Rainfall for the year 2000, measured at Hilo Airport,
Pahoa School and Hawaii National Park Headquarters.

where p is the density of water, g is the gravitational acceleration, AH
is the change in water-table height and ¢ is porosity. A 1-m water-
table change and a porosity of ¢ = 0.05 increases pore pressures by
2 MPa, an amount capable of triggering fault slip>. For this pressure
change to have triggered the slip, the fault-zone permeability
must be sufficiently high for the pressure front to have reached
the source region within the 10 days or so separating the rainfall
and slip events. This requires a fault-zone diffusivity of
c=L*/4t =30m’s', where L = 10 m and ¢ =~ 10 days. The cor-
responding permeability is given by k = n¢Bc, where n is the
viscosity of water and (8 is a combination of pore and water
compressibility. Using 8=10"%Pa™', a value for crack-like
pores”, we estimate an average permeability of k= 107'""m’
which is consistent with permeability estimates® for highly frac-
tured fault zones in Kilauea’s south flank. A large fraction of the
pressure change could have reached the source region if the perme-
ability of the fault zone significantly exceeds that of the surrounding
rock, preventing the pore pressure from dissipating into the
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Figure 3 A cross-section of Kilauea’s south flank along the grey line in Fig. 1. The
geologic structure is inferred from seismic reflection data'®. The location of the basal
decollement is shown as a solid black line''. The dashed black line represents the top of
the elastic body used as our earth model. This surface differs from the local horizontal
because the elevation decreases monotonically to the southeast. In the source inversion,
the dip and depth of the model fault are measured with respect to the top of the half-

volcano. Given the 107> m* permeability typical of the ash layers
and the gabbroic rifts that surround the fault zone, this condition
may have been met, although permeabilities at depth are highly
uncertain.

From a geological perspective, the style and location of deforma-
tion from this event supports the view that the large normal faults
cutting Kilauea’s south flank are relatively shallow features that do
not root into the decollement™~*. From a hazards perspective, flank
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Figure 4 The source time function for November 2000 deformation event. a, The
magnitude of the slip on the model fault (right scale, dashed line) and 95% uncertainty
regions (dotted line), the predicted north tilt at station ESC (left scale, dashed line) and the
observed north tilt at ESC (left scale, solid ling), all as functions of time. b, Slip magnitude
(right scale, dashed line) and 95% uncertainty regions (dotted ling), predicted horizontal
volumetric strain at STRS (left scale, dashed line) and observed volumetric strain at STRS
(Ieft scale, solid line). The apparent time lag between the observed and predicted tilt may
be due either to the simplicity of the model (that is, the source geometry was fixed and slip
was uniform) or to correlated errors in the tilt record. We varied the scale of the random
walk process, a, by a factor of 4 in each direction and found that the estimated duration of
the event did not change significantly.
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space. The model fault (solid line) lies near a region of thrust faults inferred from seismic
reflection data'®, and may connect with the Hilina Pali—Holei Pali normal fault system
(dashed). The cross-sectional area of the wedge above the fault system is about 50 km?;
extending the wedge 20 km in each direction along the strike give a potential slide volume
of about 2,000 km?, in the event of total disaggregation and failure.

failure on oceanic volcanoes represents an uncommon but signifi-
cant danger to coastal cities. As these flanks begin to fail, they must
accelerate. If slow acceleration precedes catastrophic failure, we have
demonstrated that a well-placed geodetic network can detect such
an acceleration, even when the absolute rates are small. The rate of
slip observed in early November 2000 was about 5cm per day, far
faster than the slip rates (decimetres per year) inferred for Kilauea’s
decollement, but substantially less than catastrophic failure. For this
slip event, the detection was after the fact, but there is no reason why
the geodetic data could not be analysed in real time to provide a
warning of sudden acceleration and potential flank instability. []

Methods
Estimating net displacements

We estimated the net displacements of the slip event from the daily GPS solutions, which are
processed at HVO with the Gipsy/Oasis 1I software package™ (http://gipsy.jpl.nasa.gov).
We use a Kalman filter to model time variation of the station positions as the sum of the
nominal station position, the long-term station velocity multiplied by the time, and a
linearized Helmert transformation multiplied by a vector of reference frame parameters.
This reduces the effect of reference frame uncertainty and allows empirical scaling of the
GPS data covariance to a realistic value. The frame terms are assumed to be uncorrelated in
time. The variance of the nominal station position term is reset to a large value at several
specific epochs that correspond to dyke intrusions and earthquakes. This allows geologic
offsets to exist in the time series without biasing the frame and the long-term velocity
estimates.

Estimating the source time function

We used the raw GPS observations, which are sampled every 30, to solve directly for fault
slip using the homogeneous elastic Green’s functions from the best-fitting fault. This takes
advantage of the spatial coherence of the deformation signal in the GPS network,
effectively increasing the signal-to-noise ratio in the estimation of the temporal evolution
of the source. Specifically, we model the double-differenced ionosphere-free carrier
phase”, ®(t) (with wavelength ) as:

&(t) — 1y = Adx(1) + z(t)m,, + NN (1)
where 7, are the predicted double-differenced ranges from the stations to the satellites, A is
a matrix of partial derivatives of the double-difference ranges with respect to station
coordinates, 6x is a vector of time-varying differences in station coordinates from their
nominal values, z is the time-varying tropospheric zenith delay, m, is a tropospheric
mapping function and N are the sums of the scaled integer phase ambiguities at the two
GPS frequencies. The phase ambiguities suffer occasional cycle slips, which we detect and
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flag in advance; N is reset when such slips occur. The double-differenced pseudoranges are
modelled in the same way, with the exception of the phase ambiguity term, which is not
needed. Instead of solving for éx for all the stations independently, we solve for a single slip
parameter s(t), such that 6x(t) = Gs(t), where G are elastic functions relating slip on the
model fault to displacement. We allow the slip to vary as a random walk in time, with scale
;. A nominal value of 6, = 3 mm day " is small enough to limit the scatter during
periods without anomalous deformation, but large enough to allow the full 87 mm of slip
to accumulate over approximately 24 hours. The time-dependent model fits the GPS
double-difference phases to within 4 mm (root mean square).
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Tyrannosaurus was not a fast runner
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The fastest gait and speed of the largest theropod (carnivorous)
dinosaurs, such as Tyrannosaurus, is controversial. Some studies
contend that Tyrannosaurus was limited to walking, or at best an
11ms™ top speed'™, whereas others argue for at least 20 ms™
running speeds®~’. We demonstrate a method of gauging running
ability by estimating the minimum mass of extensor (supportive)
muscle needed for fast running. The model’s predictions are
validated for living alligators and chickens. Applying the
method to small dinosaurs corroborates other studies by showing
that they could have been competent runners. However, models
show that in order to run quickly, an adult Tyrannosaurus would
have needed an unreasonably large mass of extensor muscle, even
with generous assumptions. Therefore, it is doubtful that
Tyrannosaurus and other huge dinosaurs (~6,000kg) were cap-
able runners or could reach high speeds.

Most assessments of running ability in large theropods are
qualitative, based on analogies to walking elephants or running
birds and hoofed mammals™ . Earlier quantitative assessments of
the biomechanics of Tyrannosaurus suggested that it had limited
locomotor performance***°, but uncertainties about tyrannosaur
anatomy, physiology, and behaviour have impeded resolution of
this debate'~. Fossilized footprints demonstrate that smaller thero-
pod dinosaurs could run'’, but running tracks from large theropods
are unknown’’. Bulky limbs and other analogies with elephants

Figure 1 Explanation of free-body diagram analysis of body segments. Skeletal illustration
modified from ref. 6. The initial Tyrannosaurus model (Trex_1) is shown in right lateral

view and (x, J)-coordinate space, with the origin located at the toe joint. Pelvic pitch, hip,
knee, ankle and toe joint angle definitions are shown (see Supplementary Information).

One of the angles is redundant (four angles suffice). The ground reaction force (GRF) is
vertical (typical for mid-stance'2~"4) and acts at a distance Rfrom the toe joints. The body
segment weights (W4, W, Wsand W, for the trunk, thigh, shank and metatarsus) are also
shown. A free-body diagram was used to calculate the internal moments about each joint.
For example, about the knee joint (see inset), the moment that knee extensor muscles

must generate (M) is equal to the ankle contact force (—F,) times its respective moment
arm, plus the gravitational moment of the shank segment and the ankle moment (—/MV,).
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