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Talk outline 

  
InSAR: How does it work and what are the capabilities? 
 
Globally what have we learned from InSAR about volcanoes? 
 
Other satellite techniques (gas & thermal) 
 
Applications: 

 Inter-disciplinary study of “zombie volcano” 
 Rhyolite eruption at large magmatic system 

 



Questions about magmatic systems 

Where are magmatic fluids? 
What are the compositions of the fluids? 
How much is there? 
Are they moving? 
 
When does unrest lead to eruption? 
What drives the eruption or unrest? 

 Volatile phase/exsolution 
 mafic intrusion 
 gas instabilities 
 tectonic 

 
 
 
 
Today: my biased geophysical 
perspective in the crust 

Modified from Hill et al., 2002 



Intro to InSAR: How does it work? 

Wright, 2002 

• Two Radar images from space: 
Data is complex: has amplitude and 
phase 

• Phase change between images 
depends on several factors that must be 
removed before measuring deformation 
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Interferogram Formation 
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Modified from  Rowena Lohman 
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Removing Topography 

Interferogram   -     Topography            =   Deformation 
(Orbital effects removed) 

LOS 

+ noise 
Modified from  Rowena Lohman 



Volcano deformation 101 

Axisymmetric sources 
 

Deposit subsidence 

Augustine, Alaska 

Lu et al. 2003a 
Masterlark et al 2006 

Dyke Intrusions 
 

Mike Poland 

Mauna Loa, Hawai’i 

Complex 

Biggs et al., 2009 

Tanzania 

Yellowstone 

Chang et al., 2007 

South 
Sister, 
Oregon 

Wicks et al., 2001 



InSAR quintiples number of known deforming volcanoes 

•44 as of Dvorak & Dzurisin, 1997 
•233 as of 2017, see our web compilation 

From: Scott Henderson 



Activity: 2004-2006 (Chang et al., 2007)  

Modified from Chuck Wicks 

The deformation was extraordinary for 
Yellowstone – but was it extraordinary in a 
global sense? 

When is ground deformation a threat? 

Chang et al., 2010 
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Compilation of deforming volcanoes 
2004-2007 
Yellowstone 
deformation 

Biggs & 
Pritchard, 2017 

Not complete! 
Although 
illustrative of 
the spectrum 
of deformation 
observed 



Laguna del Maule, Chile 

 
Discovered by InSAR (Fournier et al., 2010) 
 
Average rate >20 cm/yr for 10 years 

From: Singer et al  2014 
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At this very moment, for example, a huge mass of magma that has been accumulating 

unnoticed for a century or more beneath the crust in a remote part of the southern Andes… 
could be ready to blast its way to the surface, and we would know nothing about it until it was 
too late.  
 
Surviving Armageddon 
By Bill McGuire, 2005 



Figure from: USGS 

Slow, long-lived deformer:  
Socorro, NM: 1912-present 

•Magma body discovered with seismology (e.g., Ake and Sanford, 1988) 

•  1912-1951 uplift rate of 2.3 mm/yr from leveling (Larsen et al., 1986) 

•  1992–2007 uplift rate of 2-3 mm/yr from InSAR (Fialko and Simons, 2001; Finnegan &  
             Pritchard, 2009  Pearse & Fialko, 2010) 



From: 
Sag-Ho 

Yun

June 26, 
2017

At equator: 
8 hours
At +/- 78 
N/S: 1.68 

hours

Many of the 
missions 
1) do not have 
global data 
coverage  
2) the data are 
expensive 
 
But 2 have an 
open data 
policy 



Why so many satellites? 

A range of applications, radar wavelengths, and observation modes 



NASA-ISRO SAR 
(NISAR) Mission 

launch 2021 

From: Paul Rosen 
Project Scientist 

Jet Propulsion Laboratory 



SAR resolution example: Bogslof, Alaska 

Sentinel-1 
From: Franz Meyer, ASF 

20081021 20170123 20170124 20170127 20170208 20170216 20170224 20170224 20170304

June 13, 1998 



Santiaguito lava flow 
Ebmeier et al., EPSL, 2012 

Westdahl volcano 
Zhong Lu 

Cleveland lava dome 
Courtesy: Mike Poland 

Lahar 
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East West

August 7, 2011 August 18, 2011 August 29, 2011 September 9, 2011 September 20, 2011 October 1, 2011 October 12, 2011 October 23, 2011 November 3, 2011 January 8, 2012 January 19, 2012 February 10, 2012 
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Gas flux: courtesy Simon Carn 

Seismic activity 

Magmatic inflation 
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A model for eruption precursors 

From: Poland and Pritchard; EGU2017-8889 
Vienna, Austria (26 April 2017) 

2 km 

7 km 

15 km 

25 km •  Deep aseismic inflation 

•  Deep long-period 
earthquakes 

•  CO2 emissions 
•  Thermal anomalies 
•  H2S emissions 
•  Shallow seismicity 
•  Shallow inflation 
•  Phreatic explosions 
•  SO2 emissions 



Data available 
in southern 
California 
 
From: Yuri Fialko 

Time series of interferograms  



Possible pairs 
with 
Perpendicular 
baseline < 200 m  
 
From: Yuri Fialko 

Time series of interferograms  



Time series of interferograms  

Actual pairs 
made -- reduce 
influence of 
scenes with 
severe 
atmospheric 
noise  
 
From: Yuri Fialko 



The Basic Idea  
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A stack of interferograms provides multiple constraints on a  
given time interval 
 

Time series of interferograms  
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Goal: Solve for the deformation history that, in a least-squared sense, fits the set of 
observations (i.e., interferograms),  
 
Many different methods (e.g., Lundgren et al. (2001), Schmidt & Burgmann, 2003), but 
SBAS (Berardino et al. (2002)) is perhaps most common one 

Time series of interferograms  



Volcano breathing : Long Valley, CA 

Courtesy:  Piyush 
Agram, JPL 



Deformation model usually simple: 
“Saint-Venant’s principle” 
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(3D) . 



Vary shape of 
magma chamber   

• Bottom line: 
With only one component of 
deformation: all shapes can 
fit data, but have different 
depths 

Consider: 
• Spherical point source  
• Prolate ellipsoid  
• Oblate ellipsoid  
• Finite sphere 

Dieterich & Decker, 1975 

All sources have similar 
vertical deformation 

 But horizontal 
deformation different 



Look from left and right 

Lundgren et al., 2017 

Copahue volcanoe, 
Chile-Argentina border 





 

Matt Pritchard 
Cornell University 
 
& the PLUTONS 
international project 
 

Uturuncu volcano, Bolivia 
No eruption in 270,000 years but deforming & 
seismically active in area with super-eruptions  
From: news.discovery.com 

Outline: 
Are we seeing PLUTON formation in 
real time? 
 
What is happening there? 

 How much melt? 
 Where is it? 
 How is it moving? 

 
Compare 2 potential PLUTONS: 
waxing & waning? 

, 
 

, 
 Or a PLUTON? 

 



Surface deformation 
from InSAR 
(1992-2011) 

Uturuncu & Lazufre 
uplifting ~ cm/yr over 
regions 70km in 
diameter  

Among the largest 
deformation 
observed = likely 
deep source 

Henderson & Pritchard, 2013 

Project 
motivation 

Zandt et al., 2003 

SPMB Bianchi et al., 2013 

De Silva, 1989 



Ignimbrite flare-up 
11-1 Ma (APVC) & 
Crustal partial melt 
from geophysics 

(APMB) 

Modified from 
Ward et al., 
2013 

Vs from 
ambient 
noise 
3.25 km/s 
contour 
outlined 
 
White 
circles= 
ignimbrites 

C
entral     Andes gravity high 

Uturuncu 

Lazufre 
From: Salisbury et al., 2010 

Ignimbrite erupted volume 



Imaging magma in the mid-crust: 
The PLUTONS Project 

        Probing  
         Lazufre and 
         Uturuncu  
         TOgether: 
         Nsf (USA) 
         Nerc (UK) 
         Nserc (Canada) 
         Sergeotecmin (Bolivia) 

      Sernageomin (Chile) 
      Sernap (Bolivia) 

                       chilean Seismological service 
              observatorio San calixto (Bolivia) 

                          universidad de San Juan (Argentina) 
 

Funded by UK NERC (PI: Jo Gottsmann) & 
US NSF Continental Dynamics (PI: Steve McNutt) 

Pritchard & Gregg, 2016 

Partial 
melt 



Building on previous geophysical work: 
APMB = Altiplano-Puna Magma (or Mush) Body 

Summary of MT work from Schilling et al., 2006 

5 seismic stations from Chmielowski et 
al., 1999 

How do we add to this? 
 
• Denser seismic stations (33) 
• Coincident modern MT profile 
• Increase gravity observations by order 
of magnitude (del Potro et al., 2013) 
 



Photo by Tom Fournier 

Uturuncu, Bolivia 
Dormant for ~300,000 years (Sparks et al., 2008) 

Volume/time plot from Muir et al., 2015 



Henderson & Pritchard, 2013 
Fialko & Pearse, 2012 

 Uturuncu: uplift and moat of subsidence  



Subsurface imaging #1:  
Ambient Noise Tomography & Receiver Functions 

From Ward et al., 
2014: 
 
200 km diameter 
 
~11 km thick 
 
380,000- 
680,000 km3 

 
If the entire region 
below 2.9 km/s is 
crystallized melt, 
Intrusive:extrusive 
ratio up to 45:1 
 

Ward et al. 2014 



Subsurface imaging #1: A new view of a thicker APMB 

Leidig & Zandt, 2003 
Isotropic or anisotropic 
models with thin APMB do 
not match receiver functions 

Preferred joint receiver 
function & surface wave 
model 

Ward et al. 2014 



Receiver functions: Moho change? Cumulate pile? 

• From: McFarlin et al.,submitted 

D
epth to R

F interfact “M
oho” 



Granite with rhyolitic melt 

Yellowstone from Chu et al., GRL, 2010 
APMB from Ward et al., EPSL , 2014 

P-wave velocity 

S-wave velocity 

Slide from: 
Martyn 
Unsworth 

Converting seismic velocity to melt % 



From: Adam Kent’s talk last week 

From: Pritchard & Gregg, 2016 



Subsurface 
imaging #2 

Magnetotellurics 
= crustal 
resistivity 

Comeau et al., 2015 

Bottom of APMB not resolved 



Converting MT resistivity to melt % 



Compare top of APMB: S-velocity to resistivity 

Comeau et al., 2015 

Ward et al., 2014 

5 km ANT & RF, Ward et al., 2014 
18-19 km 2D MT, Comeau et al., 2015 
13-14 km 3D MT, Comeau et al., 2015 

2D Inversion 

3D inversion 



How to reconcile MT and seismology? 

Hydrothermal system 

Partially molten dacite 

Partially molten 
andesite 



Subsurface imaging #3:  
Earthquake tomography 

Courtesy Mike West  et 
al. 



1. Shallow low Vs zone (near sea level) 
 
2. Vertical low Vs extending from 15 km to Moho 
 
Insensitive to uniform layer APMB 

Subsurface imaging #3: Vs earthquake tomography 

Kukarina et al. submitted 



Subsurface imaging #3: Vp/Vs from earthquake tomography 

Kukarina et al. submitted 

1. Shallow low Vs zone (near sea level); “normal Vp/Vs” not melt 
 
2. Vertical low Vs with high Vp/Vs extending from 15 km to Moho, 
strongly suggestive of partial melt 
 
3. Why high Vp at 15 km? Andesite sills in the dacite? 



Subsurface inversion #4:  
Static gravity 

Del Potro et al. 2013 

Note: this is the old, 
thin APMB 



1)  Inflation fed by deep deflation  
(Fialko & Pearse, 2012; Henderson & 
Pritchard, 2013) 
 

2) Diapir  
(Fialko & Pearse, 2012; del 
Potro et al., 2013) 

What is the cause of ground deformation? 

All models fit the data, 
but make different 
predictions about 
duration of uplift 

3) Mush instability model  
(Gottsmann et al., submitted; Christopher 
et al., 2015) 



Socorro magma body 

Altiplano-Puna magma body 



From: Rodrigo del 
Potro, University of 
Bristol 

 
   
Levelling  :   
BP26 has uplifted 30 cm in 46 years 
6.5  mm per year 
 
InSAR : ~5 mm per year vertical 1992-2004 
 
 

Extend deformation time series 1965-2011 



InSAR rate 1992-2011 
Leveling 1965-2011 
GPS: 2010-2015 
 

Small uplift rate from 
GPS – slowdown 
starts in 2004? 

InSAR at site 
 

GPS 
 

Henderson & Pritchard, 2017 



Geomorphology: 
no tilted 
shorelines, 
deformation 
 < 100-1000 
years? 



Vilama ignimbrite, Laguna Celeste,  8.1 Ma 

Photo from: Martyn Unsworth 



Geomorphology: no tilted shorelines, deformation < 100 years? 



A new model from Jo Gottsmann et al. 2017 

Pressurization in  ~30 km 
diameter corridor (0.05-0.5 
MPa over 20 years) 
 
Depressurization of APMB 
(0.1 MPa)  
 
Volume change ~20 million 
cubic m/year 

APMB 



Pressure/uplift history 

Pulses of uplift/pressurization then longer-term 
depressurization 
 
Pulses consistent with limited InSAR temporal 
sampling 
 
No net deformation consistent with geomorphology 

Pressure 

Deformation 

D
is

pl
ac

em
en

t (
cm

) 

m=1.1 cm/yr 

Time (years) 



Matching of Jo’s model 
with InSAR data 

Predicted 

Observed 



Balancing of ups & downs: gas 
pressurization/depressurization? 

3-4 cm subsidence for 10 years followed by 10 years of uplift 
30 km from nearest Holocene volcano (Cordón de Puntas Negras) 
Hydrothermal?  What controls timescale and changing sign? 



Relation of 
current uplift to 

filtered 
topography? 

From: Perkins et al., 2016 Geosphere 

0.2
0.7

0.2

0.7

Filter to keep only long-wavelength 
topography 
 
2D FFT with cutoff at 35 km 



Summary: Uturuncu 

 • At least 25% partial melt below 5-13 km 
 • 200 km diameter, 11 km thick 
 • Compositional layering: dacite above andesite 
 • 50 km pipe extends to mafic cumulate pile 20 km above Moho 
 • Seismically active hydrothermal system 

Pritchard et al. submitted 



Need for physics-based joint geophysical inversion 

•Need multiple 
geophysical 
constraints (not just 
Vs, RF/ANT, or MT) 
 
• Need petrology 
(temp, depth, 
volatiles, composition) 
 
• Need lab 
experiments to relate 
geophysical 
observables to partial 
melt 
 
• Opportunity: 
physics-based joint 
inversion relating 
observables to 
composition & melt 

Comeau et al., 2015; 
 del Potro et al., 2013 

Ward et al., 2014 

Kukarina et al., submitted 



Summary: What is cause of deformation? 

 • Not a diapir: Lack of geomorphic signal and recent deformation slow down 
 • Testing the “mush reorganization” model: What is the degassing rate? 



Future opportunities 

How many large reservoirs of eruptible magma? 
 •Need field campaigns at “best candidates” with modern methods 
 ªJoint inversions of seismic, MT, gravity, deformation 
 coupled to mineral physics 

 
Physics-based deformation models 

 Gas instability vs. new magma accumulation? 
 What does a diapir look like in real time? 

 
Wider availability of satellite observations 

 Automatic InSAR processing 
 Databases of deformation and other unrest 

 
Extend satellite observations in space & time 

 Geomorphology & ground sensors (GPS & tilt) 
 
Forecasting of eruptions  

 Data assimilation 
 physics-based models 



Volcano deformation database: Smithsonian 

Thanks to Jennifer Jay, 
Ed Venzke, and Ben 
Andrews 



Volcano deformation database: COMET & GVM 

Thanks to Susi 
Ebmeier, Juliet Biggs , 
James Hickey and 
others 


