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Thanks, Mike. 



IN MEMORIAM

Robert P. Sharp
1912-2004

James A. Westphal
1930-2004

Presenter
Presentation Notes
Caltech and the Earth science community lost two very special people this year.
As my thesis adviser, mentor, and friend, Bob Sharp taught me how to see and how to write. He excelled as a teacher, scientist, administrator, and human being. I’m proud that my family refers to him as “Uncle Bob” and I suspect that thousands of people who knew him feel the same way.
Jim Westphal conjured up and built gadgets to do science in new and exciting ways, including expendable tiltmeters that we sacrificed in the crater at Mount St. Helens during the 1980s to learn how lava domes grow. He proved that great ideas, not an advanced degree, are the true measure of a scientist and innovator. 
We honor them best by following their lead. Thanks to both of you for setting the bar so high. 



Three Sisters
Volcanic Center
Three SistersThree Sisters
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Three Sisters volcanic center

Located in central Oregon Cascades, with 
highest vent density and lava production 
rate in the entire Cascade arc

Tens of vents spread over 400-km2 area 
have erupted in past 4000 years

Five large Quaternary cones: North Sister, 
Middle Sister, South Sister (youngest), 
Broken top, and Mount Bachelor

At South Sister, two eruptive sequences 
about 2200 and 2000 years ago produced 
rhyolite tephra, pyroclastic flows, lava 
flows, and lava domes

Nearby, dominantly effusive eruptions of 
basaltic and andesitic lavas built large 
shield volcanoes such as Belknap Crater 
as recently as 1600 to 1200 years ago

Presenter
Presentation Notes
What’s happening at Three Sisters would be big news if Mount St. Helens hadn’t extruded an aircraft carrier during the past 2 months at a  rate of a cement truck per second, but that’s another story. Hopefully you heard it yesterday at the St. Helens session. 
Three Sisters is located in the central Oregon Cascades, with the highest vent density and lava production rate in the entire volcanic arc. The center includes 5 large Quaternary cones, of which South Sister is the youngest.
The two most recent eruptive sequences at South Sister occurred about 2200 and 2000 years ago from vents on the volcano’s southeast and north flanks. They produced rhyolite tephra, pyroclastic flows, lava flows, and lava domes, including the prominent Rock Mesa lava flow along the Pacific Crest Trail. Elsewhere in the area, eruptions of basalt and andesite built large shields as recently as 1600 to 1200 years ago.
For the Cascades, excluding Mount St. Helens, Three Sisters has been a happening place. 



Radar interferometry reveals ~14 cm 
of uplift from 1997-1998 to 2001

Wrapped

Unwrapped

Presenter
Presentation Notes
My friend Chuck Wicks grabbed our attention in April 2001 when he called to say that something odd was going on at Three Sisters.
His interferograms clearly showed a bull's-eye of uplift centered about 5 km west of South Sister, which had risen about 14 cm.
Suddenly, we had another restless volcano in the Cascades, although this one hadn’t tipped its hand with seismicity yet. Among the others, by the way, I include Mount St. Helens, Medicine Lake Volcano, and the Lassen volcanic center. The latter two are sinking a centimeter or so per year for reasons we don’t fully understand, but again that’s another story. At South Sister, the inflation source was deep, about 7 km, and we geodesists had it mostly to ourselves.
Soon, geochemists including Bill Evans and Steve Ingebritsen chimed in with a chloride anomaly and high He3/He4 ratios from springs in the area, and we had a party. The seismologists  chose to sit this one out for awhile, but we were convinced that there was a party going on nonetheless. 



1992-1996

Presenter
Presentation Notes
This series of profiles across the uplift, derived from the InSAR data, shows that it hadn’t started yet in 1996, got underway in 1997 or 1998, and then progressed at a relatively steady rate through 1999, 2000, and 2001.
As we step back through the same sequence, it might be easier to see that things got started sometime in 1997 or 1998. Nothing out of the ordinary was apparent in 1996. 
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Presenter
Presentation Notes
This slide puts it all together and shows the steady accumulation of about 14 cm of uplift through 2001, at an average rate of 3-5 cm/yr. 
Unfortunately, there haven’t been any successful interferograms produced since 2001 for various reasons, although Chuck has tried with data from ERS-2, Envisat, and Radarsat. InSAR is a powerful tool, but it doesn’t work every time for every job. 



Historical seismicity and GPS network

Presenter
Presentation Notes
Soon after Chuck Wicks’ call, we contacted the U.S. Forest Service, which manages the Three Sisters Wilderness, and with their permission we established a network of campaign GPS stations, shown here in white, plus three continuous stations, shown in black, at The Husband in 2001, Mount Bachelor in 2002, and The Wife in 2003. We’ve made campaign GPS observations each summer since 2001, and I’ll show those results shortly.
Seismologists finally got into the act in March 2004, when a swarm of about 300 earthquakes with a maximum magnitude of 1.9 occurred under the deforming area. The cluster of red dots representing those quakes can be seen HERE, superimposed on the interferogram. 
It was the first notable seismicity in the area for at least two decades. It’s a bit of an enigma that central Oregon has been seismically quiet during historical time, even though over geologic time scales it’s produced more vents and lava than any other segment of the Cascade arc. We suspect that a lot of magma moves around under Oregon without making earthquakes. I’ll return to that idea near the end of the talk.



In addition to the March 2004 
swarm, there have been several 
small low-frequency events 
beneath the deforming area or 
near Three Sisters

The spectrogram shown here is 
for an event on November 8, 
2004. Note the preponderance of 
energy at low frequencies

The mechanism of such events is 
not completely understood, but 
they suggest the involvement of 
a fluid (magma or gas) or 
“gooey” rock (geophysical term)

Recent low-frequency earthquake

Presenter
Presentation Notes
The March 2004 swarm consisted entirely of volcano-tectonic, brittle-failure-type quakes, but there have also been several low-frequency events like the one shown here. 
The spectrogram for this quake, which occurred on November 8 of this year, shows most of the seismic energy at frequencies below a few Hertz, unlike VT events that radiate most of their energy at higher frequencies.
No one pretends to completely understand the mechanism of such events, but the general consensus among Seth Moran and the other seismology wonks is that the relative lack of high-frequency energy indicates the presence of a fluid, probably magma, water, or gas, or alternatively the involvement of soft “gooey” rock, maybe at anomalously high temperature. I’ll leave the details to the seismologists, but suffice it to say that events like this one cause some of us to raise our eyebrows and think warm thoughts. 



GPS station velocities, 2001-2003

SouthSouth
SisterSister

Presenter
Presentation Notes
I promised to show the campaign GPS results and here they are, courtesy of Mike Lisowski. White and black arrows represent the observed and corrected station velocities, respectively, for 2001-2003. The observed velocities were corrected by removing the effect of clockwise rigid-body rotation about a pole in eastern Oregon. 
A pattern of radial deformation centered just west of South Sister is apparent in the data, which were combined with leveling and InSAR results to produce a best-fit model that I’ll describe near the end of the talk. 



Leveling & tilt-leveling networks

James Creek ShelterJames Creek Shelter

Center of upliftCenter of uplift

Presenter
Presentation Notes
We’ve also tracked the uplift using two forms of geodetic leveling. A network of four tilt-leveling stations at South Sister is shown in the right half of the slide, and two leveling lines closer to the center of uplift that intersect near the James Creek Shelter are shown in the left half.



Tilt-leveling at South Sister, 1985-1986

Four radial tilt-leveling lines, 
each  200-320 m long with 3 
or 4 survey marks, established 
at South Sister in 1985 and 
remeasured in 1986 to 
establish baseline

Lines next measured in 2001 
in response to discovery of 
uplift by InSAR

First-order, class II leveling 
standards and procedures

Accuracy of tilt measurements 
about ± 2 microradians

Presenter
Presentation Notes
The tilt-leveling network at South Sister was established in 1985 and re-measured in 1986 to establish a baseline. It consists of 4 radial lines, each 200-320 m long, with 3 or 4 survey marks along each line. 
The network was next measured in 2001 in response to Chuck’s discovery of uplift.
For all of the surveys, we followed first-order, class II leveling standards and procedures as specified by the National Geodetic Survey. The estimated accuracy of the tilt measurements is ± 2 microradians. 




Tilt-leveling results (1985-2001) compared to InSAR 
model prediction (1996-2000 extrapolated to 2001)
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Conclusion: Consistent with 
InSAR observations, i.e., 
uplift did not start before 
1996 – probably in 1997-98
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Presentation Notes
We combined the 1985 and 1986 data to form a single baseline dataset, differenced it with the 2001 results, and compared the measured tilts with those predicted by a best-fit model based on the InSAR results. 
The WEST and EAST stations are the most sensitive because they’re oriented across the gradient of the deformation field. The NORTH and SOUTH stations are located along the gradient and aren’t expected to capture significant tilts. 
The observed tilts for 1985-2001 (shown in blue) match those predicted by the InSAR model for 1996-2001 (in red), so we conclude that the uplift started sometime after 1996. Recall that the InSAR data alone suggest a start in 1997 or 1998. 



Two leveling lines that 
intersect near James Creek 
Shelter, less than 1 km from 
deformation center, 
established along trails in 2002

Average pin spacing 385 m 
(50-800 m)

N-S line is 7.4 km long, W-E 
line is 3.4 km long

Digital level and first-order, 
class II standards and 
procedures

Leveling near James Creek Shelter

Presenter
Presentation Notes
Practically speaking, the tilt-leveling network is accessible only by helicopter and it isn’t well situated to track the current deformation field, which is centered outside the network to the west. 
So in 2002 we established two leveling lines along Forest Service trails that intersect less than a kilometer from the deformation center. The N-S line is about 7 km long and the W-E line is about 3 km long. We measured both lines in 2002, 2003, and 2004. Again, we followed first-order, class II standards and procedures. 
If you haven’t tried it, wilderness leveling is a soothing counterpoint to high-tech space geodetic techniques like GPS and InSAR. Sometimes it’s nice to reach out and touch the ground that’s moving without the help of a satellite! 




Leveling Results, 2002-2003 & 2003-2004
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The uplift from 2002 to 2004 is apparent along both leveling lines, but more so along the N-S line, shown here in red, because the W-E line is shorter and doesn’t extend much beyond the center of uplift.
Neither line completely spans the deformation field, so they both float with respect to a stable datum. For the plot shown here, I held marks at the north and west ends of the lines fixed at zero. The maximum uplift observed for the two-year period was 15 mm at mark O near the James Creek Shelter.
For modeling purposes, we used mark-to-mark tilts rather than net displacements to eliminate the effect of covariance among sections. It’s the right thing to do – the modelers tell me so. 




Modeling approach I
Three datasets were included: 1) campaign GPS from 2001, 2002, and 2003; 
2) leveling data from 2002 and 2003; and 3) InSAR measurements that 
collectively span from 1992 to 2001

InSAR data were decimated using the quad-tree method (Simons et al., 2002; 
Jónsson et al., 2002 ) to avoid overwhelming other datasets

Assumptions:
Earth is an isotropic homogeneous half-space
Deformation source is simple: point source (Mogi, 1958), ellipsoidal source (Yang, 1988; Fialko
and Simons, 2000; Fialko et al., 2001), or dislocation (dike or sill) source (Okada, 1985; Feigl
and Dupré, 1999)
The location, geometry, and inflation rate of the source did not change from the time of the 
1995-2001 interferogram through the time of the 2001-2003 GPS and leveling measurements.
The sub-sampled InSAR, GPS, and leveling data points are independent, so we can use 
standard F-tests of statistical significance to estimate 95% confidence intervals.

Presenter
Presentation Notes
I’ll spend the next 3 slides explaining the approach that Chuck Wicks used to weight and model 3 independent datasets: 1) campaign GPS from 2001, 2002, and 2003; 2) leveling data from 2002 and 2003; and 3) InSAR measurements that collectively span from 1992 to 2001. 
First, the InSAR data were sub-sampled using the quad-tree method to avoid overwhelming the other datasets. A typical InSAR image contains more than a million pixels, but most are redundant and should be down-weighted accordingly. In our case, the quad-tree procedure reduced the number of InSAR data points to 672, compared to 63 from GPS and 21 from leveling. 
To jointly invert the 3 datasets, we assumed: 
1. Earth is an isotropic homogeneous half-space
2. The deformation source is simple. We tried a point source, a prolate ellipsoid, and a dislocation source to simulate a dike or a sill. 
3. The source didn’t change as a function of time.
4. The datasets are independent, so we can use standard F-tests to estimate 95% confidence intervals.



Modeling approach II

Constrained Monte Carlo approach used to select a large number of different 
starting models (~1000 per modeling run), which were fed into a non-linear 
least-squares procedure and inverted iteratively until convergence

Weighting scheme as developed by Simons et al. (2002) and Fialko (2004):

Two datasets: 1) GPS and leveling (M = 84), 2) sub-sampled InSAR (N = 672)

Weighting for GPS and leveling data points: 

Weighting for sub-sampled InSAR data points: 

Weighting vector with a sum of unity applied to each dataset: 1
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Presenter
Presentation Notes
Chuck used a constrained Monte Carlo approach to select a thousand different starting models for each run, fed them into a non-linear least-squares procedure, and inverted iteratively until convergence was achieved.
When simultaneously inverting multiple datasets, the weighting scheme is key. In this case, the GPS and leveling data were grouped together to form a set of 84 independent observations and weighted according to their standard deviations, as shown HERE. 
The 672 sub-sampled InSAR points were weighted according to the number of independent points in each quad-tree cell, as shown HERE.
Finally, a weighting vector with a sum of unity was applied to each dataset. 



Minimize the quantity: 

To determine the relative weighting factor α, invert the data beginning with 
α = 7 and decrease the value until the fit to the InSAR part of the data is 
within the 95% level of the model that best-fit the InSAR data alone

Final value of α that fits this criterion is 1.2

Calculated values of deformation for the GPS data differ by less than 1 
mm/year compared to those calculated for α = 1.0

Final model that best-fits the combined datasets is within the 95% level of 
the best-fit model for each dataset modeled alone

Modeling approach III
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Presenter
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To determine a best-fit model, we minimized the equation shown in the first line, where o is the observed value and c is the calculated value. The first term accounts for the GPS and leveling data, the second term for the sub-sampled InSAR data.
We introduced a relative weighting factor alpha so we could further adjust the weighting between the field data and the InSAR data.
To determine alpha, we started with an arbitrary value of 7, which weights the field data very heavily, and decreased it incrementally until the fit was just within the 95% level of the model that best-fit the InSAR data alone. In other words, we over-weighted the field data by the smallest amount that’s consistent with the InSAR data at 95% confidence.
The resulting value for alpha is 1.2, which over-weights the field data only slightly and yields a final model that’s within the 95% level of the best-fit model for each dataset modeled alone.



Best-fit dislocation (sill) model

Strike: 37 deg

Dip: -19.4 deg

Depth: 7.2 km

(4-9 km at 95%)

Opening: 185 mm

Length: 6.2 km

Width: 4.6 km

Presenter
Presentation Notes
In every weighting scheme we tried, a shallowly dipping dislocation source, that is, a stubby dike or sill, fit the combined dataset better than either a point source or an ellipsoid with better than 99.9% confidence. 
The surface projection of the best-fit source is outlined by the black box in the upper two panels, HERE and HERE. The best-fit depth is 7.2 km, and the 95% confidence limits on depth range from 4 km to 9 km.



Diagonal lines represent 
perfect fit of model to data

Error bars represent 95% 
confidence range

A-C: GPS North, East, Up 
velocities, respectively

D: vertical velocities from 
2002-2003 leveling data

E: sub-sampled InSAR data 
(1992-2001) from quad-tree 
analysis

Data and best-fit model comparison

Presenter
Presentation Notes
The goodness of fit of the best-fit model is illustrated here, where observed values are plotted on the vertical axes against calculated values on the horizontal axes. 
Diagonal lines represent a perfect fit of the model to the data.
Error bars represent the 95% confidence range. 
Plots A-C show the GPS North, East, and Up velocities, respectively, which are fit to within a few mm/yr in North and East and to about 10 mm/yr in Up.
Plot D shows vertical velocities from leveling data, which are mostly fit within 1 mm/yr, and 
Plot E shows the sub-sampled InSAR data, which are mostly fit to better than half a fringe, or 14 mm.




Data and best-fit model comparison

Diagonal lines represent 
perfect fit of model to data

Error bars represent 95% 
confidence range

A-C: GPS North, East, Up 
velocities, respectively

D: vertical velocities from 
2002-2003 leveling data

E: sub-sampled InSAR data 
(1992-2001) from quad-tree 
analysis



Data and best-fit model comparison

Diagonal lines represent 
perfect fit of model to data

Error bars represent 95% 
confidence range

A-C: GPS North, East, Up 
velocities, respectively

D: vertical velocities from 
2002-2003 leveling data

E: sub-sampled InSAR data 
(1992-2001) from quad-tree 
analysis



Data and best-fit model comparison

Diagonal lines represent 
perfect fit of model to data

Error bars represent 95% 
confidence range

A-C: GPS North, East, Up 
velocities, respectively

D: vertical velocities from 
2002-2003 leveling data

E: sub-sampled InSAR data 
(1992-2001) from quad-tree 
analysis



Data and best-fit model comparison

Diagonal lines represent 
perfect fit of model to data

Error bars represent 95% 
confidence range

A-C: GPS North, East, Up 
velocities, respectively

D: vertical velocities from 
2002-2003 leveling data

E: sub-sampled InSAR data 
(1992-2001) from quad-tree 
analysis



Conclusions
Most likely cause of uplift is intrusion of basalt at 6.5 ± 2.5 km 
depth, probably at brittle-ductile transition

A shallowly dipping sill or dike source provides a better fit to the 
geodetic data than a point source or an ellipsoidal source at the 
95% confidence level

The intrusion rate has been roughly constant since 1997 or 1998

March 2004 earthquake swarm suggests accumulated strain is 
now great enough, or strain rate was locally high enough for a 
short time, to cause brittle failure

Similar events may be relatively common, though heretofore 
unobserved, in the central Oregon Cascade Range; most do not 
culminate in eruptions.

Presenter
Presentation Notes
So what does it all mean? We think the most likely cause of the uplift is intrusion of basalt at about 7 km depth, probably along the brittle-ductile transition in the crust.
A shallowly dipping dislocation source fits the data best, although the exact shape is undoubtedly more complicated.
The intrusion rate has been roughly constant from 1997 or 1998 to the present.
The March 2004 earthquake swarm indicates that rocks broke for the first time under the strain at that time, although seismicity has since returned to a low background level. 
Finally we suggest that intrusive events might be relatively common in the central Oregon Cascades, that without InSAR they’ve been easy to miss, and that most probably do not culminate in eruptions.



Photo by C. Wicks, September 2003

“Periods of unrest at volcanoes are usually times of great 
uncertainty.”

Volcano Hazards in the Three Sisters Region, Oregon
USGS Open-File Report 99-437

Presenter
Presentation Notes
It’s true that restless volcanoes cause uncertainty and worry, but they also provide unparalleled opportunities for research. Rather than gathering gloom at dusk, this photo of South Sister from the James Creek Shelter looks to the east and captures the dawn of a bright new day. We look forward to whatever the volcano has in store for us during the coming days, months, and years. 
Bob Sharp would have charmed us with stories of the volcano gods flexing their muscles, and Jim Westphal would have built a widget to measure how hard. They’ll both be missed.
Thank you.  



HUSB and PMAR time series 
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