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EarthScope PBO/SAFOD Final Report 
October 1, 2008 - September 30, 2014 
 
 
SUMMARY 
This Final Report includes a roll-up of materials found in the previous five Annual Reports for the 
PBO/SAFOD Cooperative Agreement (NSF-0732947) submitted by the PBO Director to the EarthScope 
Program Director at NSF; it also addresses specific topics of interest to the NSF EarthScope Program 
Officer, as transmitted to the PBO Director by email prior to the PBO closeout and site visit by NSF staff 
on October 27, 2014 as well as requests for additional documentation and metrics based on questions 
that arose during the Site Visit.  The final Site Visit agenda, including a list of all participants, may be 
found in Appendix A.  In addition to the final site visit, the NSF EarthScope Program Officer convened a 
joint EarthScope Facility review at New Mexico Tech in Socorro, NM at the midpoint of the PBO/SAFOD 
O&M Phase I period (May, 2012).  The final report for that midterm review may be found in Appendix B. 
This Final Report summarizes activities and findings from October 1, 2008 (FY1) through September 
30, 2013 (FY5) as well as all additional activities and findings conducted from October 1, 2013 through 
September 30, 2014 as part of the one-year, NSF-approved no cost extension (FY6) to NSF-0732947. 

 
As of September 30, 2014, UNAVCO operated and maintained 1127 GPS stations (1100 PBO core, 27 
other), 75 borehole strainmeters, 79 borehole seismometers (74 strainmeters from core, 1 from a NSF 
Continental Dynamics project and 78 seismometers from core, 1 from a NSF Continental Dynamics 
project), 6 laser strainmeters (LSM) operated by the University of California, San Diego (UCSD) under a 
subaward from UNAVCO, 25 tiltmeters (out of 26 possible holes) and 145 meteorological stations (118 
core, 27 NOAA) as part of the Plate Boundary Observatory (PBO). UNAVCO was also responsible for 
the management of the San Andreas Fault Observatory at Depth (SAFOD) as the SAFOD Management 
Office (SMO), which includes the management of a vertical laser strainmeter (VSM) in the SAFOD Main 
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Hole and curation of all SAFOD core and cuttings. Texas A&M University (TAMU) was responsible for 
the management of the SAFOD core as a subaward from UNAVCO through December 31, 2013 and 
TAMU took over full management of the SAFOD core and related materials after October 1, 2013. 
UCSD was responsible for management of the VSM in the SAFOD Main Hole through April 30, 2014. 
UNAVCO also collects and distributes high-rate (1 Hz), low-latency (<1 s) GPS data streams (RT-GPS) 
from 391 stations in PBO, including 282 stations upgraded as part of the NSF-funded ARRA Cascadia 
initiative. 
 
The table above summarizes data return and quality metrics, as well as PBO O&M Phase I (5 years of 
O&M funding plus 1 year in NCE) and cumulative data archived and delivered since the beginning of 
the MREFC award for the construction of PBO (award started in 2003, but initial data from 2004). The 
target for data return is 85% for all data types tracked for PBO O&M Phase I, and the number and type 
of quality metrics vary by data type; items in red indicate either data return or quality targets missed. 
Items in grey are not currently tracked or reported; items shown in green are reported independently by 
the SAGE Facility operated by IRIS. Over the entire PBO O&M Phase I reporting period (2008-2014), 
all data types exceeded data return targets; all data types exceeded quality metric targets except for 
pore pressure, which remains based on the recording of M2 solid Earth tidal signal.  Over the entire 
PBO O&M Phase I reporting period (2008-2014), PBO/SAFOD archived 48.4 TB of digital data and 
delivered 130.1 TB of data to the community; since PBO’s inception in 2004, 84.5 TB of data have been 
archived and 176.0 TB data have been delivered.  In addition, more than 15,869 unique users 
downloaded data from PBO over the O&M Phase I period. 
 
 
PBO/SAFOD SCIENCE HIGHLIGHTS 
 
The following nine highlights were selected to represent the breadth of science supported by the 
PBO/SAFOD Facility during the O&M Phase I period (2008-2014).  They are divided into three 
overarching themes: 1) earthquakes and tectonics; 2) Earth system science; and 3) mechanics of 
magmatic systems and volcanic processes. These highlights (text and figures) are modified science 
snapshots published on the UNAVCO website, “A Foundation for Innovation: Grand Challenges in 
Geodesy” [Davis et al., 2012], the “2013-2018 UNAVCO Community Proposal: Geodesy Advancing 
Geosciences and EarthScope: The GAGE Facility, v. 1” [Miller et al., 2012], and in some cases the 
abstracts and figure captions are from the cited publications. 
 
Earthquakes and tectonics highlights 
 
The spatial density and temporal resolution of GPS observations, in particular from networks like the 
PBO have allowed us to resolve how strain varies across the plates and at plate boundaries in both in 
space and in time.  These plate-scale measurements have been critical in constraining how the 
lithosphere responds to glacial loading and unloading, defining where strain occurs within the plate 
boundary zone interiors, the recognition of displacement and strain transients within several subduction 
zones [Dragert and Wang, 2011] as well as the tidal modulation of slow slip [Hawthorne and Rubin, 
2010], and how plate boundary forces are accommodated within zones of diffuse deformation such as   
[Kreemer et al., 2012].  Furthermore, tidal loading response recorded by the PBO GPS network has 
now been used to constrain rheological models for the asthenosphere [Ito and Simons, 2011].  In 
addition, earthquake coseismic slip results in stress changes that can be used as energy sources for 
experiments that probe the rheology of the lower crust and upper mantle. In the months and years 
following an earthquake, nearby regions relax by viscous flow, transferring stress back to the 
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seismogenic crust and the surface, causing post-seismic surface displacements [Pollitz et al., 2012]. 
These examples show how innovative applications of GPS can yield unexpected discoveries about the 
interactions between the solid earth and ocean. The cited contributions are discussed further below. 
 
Temporal evolution of an episodic tremor and slip event along the northern Cascadia margin, 
2011, Dragert, H., and K. L. Wang, J. Geophys. Res.-Solid Earth, 116. 
 

The densification of the regional GPS 
network and the installation of sensitive 
deep borehole strainmeters (BSM) in the 
Cascadia region as part of PBO have 
significantly advanced the ability to 
resolve spatial and temporal variations in 
ETS events. Dragert and Wang [2011], 
made a comparison of slip and tremor of 
the 2008 ETS event. GPS data were 
inverted for source parameters on the 
subducting slab and BSMs were used to 
provide high-precision time constraints. 
Both figures shown above were modified 

from Dragert and Wang [2011]. (Left Plate) Shows tremor sources on the background of the slip model. 
Depth contours of the plate interface are shown in white. Squares (white) and circles (red) are GPS and 
BSM sites where observed and modeled time series are compared. (Right Plate) Along-strike time 
migration of tremor 
sources with onset 
of GPS motion and 
BSM deformation 
(see below). The 
tremor locations are 
projected onto a 40 
km depth contour of 
the plate interface. 
Tremor sources are 
shown as shaded 
and open circles. A 
linear piece-wise 
function was used 
to model 
bidirectional 
propagation shown 
with red line. The results show an initial progression at 8 km/day to the north followed by a pause and 
subsequent acceleration. To the south there was a steady progression at 6 km/day. These 
observations from 2008 have been supplemented with an even more complete data set recorded by the 
PBO BSM network in Cascadia during a August 2010 ETS sequence, as shown in the figure above 
(figure from K. Hodgkinson, pers. comm; Hodgkinson et al., 2014).  Note how well-resolved the ETS 
pulse is in the PBO GTSM Cascadia array. Solid earth tides are the high frequency oscillations (grey) in 
the BSM time series. 
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Tidal modulation of slow slip in Cascadia, 2010, Hawthorne, J. C., and A. M. Rubin, J. Geophys. 
Res.-Solid Earth, 115.   
 
PBO borehole strainmeters 
uniquely reveal tidal modulation 
of evolving slow slip on during 
ETS events on the Cascadia 
subduction zone, a result below 
the threshold of sensitivity for 
GPS or even for a single strain 
meter taken in isolation. 
Amplitude of coherent strain rate 
modulation is shown as a 
function of frequency. By 
simultaneously fitting stacked 
data from multiple stations and slow slip events, Hawthorne and Rubin were able to demonstrate with 
99% confidence the modulation of the strain rate with a 12.4-hour periodicity, for the tide with the 
largest amplitude. The amplitude of this modulation suggests that the slip rate during slow slip events 
oscillates, on average, 25% above and below its mean value during a tidal cycle. The figure above is 
modified from Hawthorne and Rubin [2010].  
 
 

A geodetic strain rate model for the Pacific-
North American plate boundary, western 
United States, 2012, Kreemer, C. W.C. 
Hammond, G. Blewitt, A.A. Holland and R.A. 
Bennett, Nevada Bureau of Mines and Geology 
Map 178, scale 1:1,500,000. 
 
A model of crustal strain rates derived from GPS 
measurements of horizontal station velocities 
indicates the spatial distribution of deformation 
rates within the Pacific–North America plate 
boundary from the San Andreas fault system in 
the west to the Basin and Range province in the 
east. Because rapid transient effects associated 
with earthquakes have been removed from the 
GPS data, these strain rates are a proxy for the 
long-term, steady state, deformation associated 
with the accumulation of strain along faults. 
Figure (map) to the left is modified from Kreemer 
et al. [2012]. 
 
 

 
 
Illumination of rheological mantle heterogeneity by the M7.2 2010 El Mayor-Cucapah 
earthquake, 2012, Pollitz, F. F., R. Burgmann, and W. Thatcher, Geochem. Geophys. Geosyst., 13. 
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In the months and years following an earthquake, nearby regions relax by viscous flow, transferring 
stress back to the seismogenic crust and the surface, causing post-seismic surface displacements. 
Earthquakes can be followed by afterslip, where certain areas of the fault, both within the rupture 
surface and down-dip, slip aseismically in the months and years after the earthquake, causing 
observable surface deformation. In both cases, GPS measurements of the post-seismic deformation 
can constrain numerical models that simulate these processes. (plate a - above) Predicted three year 
displacements at GPS sites, based on two possible models for mantle rheology, for the 2010 M7.2 El 
Mayor-Cucapah (Baja California) Earthquake.  GPS stations added immediately after the earthquake, 
primarily by PBO, are shown with yellow circles. Figures above are modified from Pollitz et al. [2012]. 
 
 
Weakness of the San Andreas Fault revealed by samples from the active fault zone, 2011, 
Carpenter, B. M., C. Marone and D. M. Saffer, Nature Geoscience, PUBLISHED ONLINE: 27 February 
2011 | DOI: 10.1038/NGEO1089 
 

Understanding the strength and slip behavior of 
tectonic faults is a central problem in earthquake 
physics and seismic hazard assessment. Many 
major faults, including the San Andreas fault, are 
weak compared with the surrounding rock, but the 
cause of this weakness is debated. Previous 
measurements of the frictional strength of San 
Andreas fault rocks are too high to explain the 
observed weakness. However, these measurements 
relied on samples taken at a distance from the active 
fault or from weathered surface samples. Recent 
drilling into the San Andreas fault, as part of the 
SAFOD component of the EarthScope project, has 
provided material from the actively slipping fault at 
seismogenic depths. Carpenter et al. [2011] present 
systematic measurements of the frictional properties 
and composition of the San Andreas Fault at 2.7 km 
depth, including the wall rock and active fault. They 
find that the fault is weak relative to the surrounding 
rock and that the fault rock exhibits stable sliding 
friction behavior. The fault zone contains the weak 
mineral smectite and exhibits no frictional healing—
bonds in the material do not heal after rupture. 
Taken together, the low inherent strength and lack of 
healing of the fault-zone material could explain why 
the San Andreas Fault slips by aseismic creep and 

small earthquakes in central California, rather than by large, destructive earthquakes.  The summary 
above is reproduced from the abstract of Carpenter et al. [2011].   
 
Geology of the SAF at the SAFOD borehole is shown in the figure above from Carpenter et al. [2011]. 
(plate a) Geological cross-section at the SAFOD borehole (blue line), showing cored fault strands  (red 
lines), locations of cuttings used in this study (yellow circle) and the approximate boundary of the 
geophysical logs (black box). Inset: Geophysical logs from SAFOD Phase II borehole. Red lines 
indicate active fault strands and the bracket (at the top) indicates the approximate locations of the drill 
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cuttings we studied. (plate b) SAFOD Phase III, Hole G, Run 4, Section 3 core from the main creeping 
strand of the SAF. (plate c) Transmission scanning electron microscope image taken from a gap in the 
core showing anastomosing shear zones in clay-rich foliated gouge. 
 
Earth System Science highlights 
 
Geodetic observations are enabling us, for the first time, to follow the motion of water within Earth’s 
system at continental and global scales. We can now characterize changes in terrestrial groundwater 
storage ranging from continental-scale changes in water storage using GRACE, to regional and local 
changes using InSAR, GNSS for example from continuous networks like PBO, leveling, and relative 
gravity measurements of surface deformation accompanying aquifer-system compaction. 
 
Modeling these changes provides an understanding of the physics that drives the system and the 
implications of the changes on the regional aquifers. As groundwater levels continue to be drawn down 
to new lows, the storage capacity of the aquifer system is reduced, primarily in the fine-grained units. 
Quantifying the global mass flux and volume of groundwater in storage at both the local and continental 
scales is needed to fully characterize the water redistribution process.  For example, the application of 
reflected GNSS signals for measuring snow depth change over time could provide a new measurement 
source to help understand regional snow pack [Larson et al., 2012]. In addition, the vertical 
displacements from the PBO network reflect in part the Earth’s elastic response to hydrological loading 
and these observations can be used to infer equivalent water storage [Argus et al., 2014; Borsa et al. 
2014].  The cited contributions are discussed further below. 
 
Use of GPS receivers as a soil moisture network for water cycle studies, 2008, Larson, K. M., E. 
E. Small, E. D. Gutmann, A. L. Bilich, J. J. Braun, and V. U. Zavorotny, Geophys. Res. Lett., 35(24); 
Can we measure snow depth with GPS receivers?, 2009, Larson, K. M., E. D. Gutmann, V. U. 
Zavorotny, J. J. Braun, M. W. Williams, and F. G. Nievinski, Geophys. Res. Lett., 36. 
 

GNSS antennas are designed to receive signals from the entire sky with 
minimal signal attenuation in any particular direction, a design that 
makes them very effective at receiving both signal and problematic 
noise, including signals that have been reflected off the surface below 
the antenna (figure at left). This situation is unfortunate for positioning 
applications because the reflected signal is difficult, if not impossible, to 
model. However, the perspective that “one’s noise is another’s signal” 
has enabled geodesists to figure a way to use this noise to characterize 
the surfaces that are reflecting the signal. In the figure below (left), for 
example, snow depth inferred from the GNSS observations (red 
squares) tracks well with estimates made with ultrasonic snow depth 
sensors (blue lines) and hand measurements (black diamonds). In the 

figure below (right), a measure of the reflection multipath from GNSS (MP1rms, blue) follows closely the 
Normalized Difference Vegetative Index (NDVI, green) for three different land cover classifications. 
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Similar results have been obtained for soil moisture. These types of studies demonstrate that research 
aimed at understanding arcane signals measured by complex geodetic instrumentation can have 
unexpected practical application. Both figures above are modified from Larson et al. [2008; 2009].  
 
 
Seasonal variation in total water storage in California inferred from GPS observations of vertical 
land motion, 2014, Argus, D. F., Y. Fu, and F. W. Landerer, Geophys. Res. Lett., 41, 1971–1980, 
doi:10.1002/2014GL059570. 
 

GPS is accurately recording vertical 
motion of Earth’s surface in elastic 
response to seasonal changes in surface 
water storage. California’s mountains 
subside up to 12 mm in the fall and winter 
due to the load of snow and rain and then 
rise an identical amount in the spring and 
summer when the snow melts, the rain 
runs off, and soil moisture evaporates. 
Argus et al. [2014] invert the GPS 
observations of seasonal vertical motions 
to infer changes in equivalent water 
thickness. GPS resolves the distribution of 
change in total water across California’s 
physiographic provinces at a resolution of 
50 km, compared to 200 km resolution 
from the Gravity Recovery and Climate 
Experiment. The seasonal surface water 
thickness change is 0.6 m in the Sierra 
Nevada, Klamath, and southern Cascade 
Mountains and decreases sharply to about 

0.1 m east into the Great Basin and west toward the Pacific coast. GPS provides an independent 
inference of change in total surface water, indicating water storage to be on average 50% larger than in 
the NLDAS-Noah hydrology model, likely due to larger changes in snow and reservoir water than in the 
model.  The summary above is reproduced from the abstract of Argus et al. [2014].  The figure above 
also is modified from Argus et al. [2014]. 
 
 
Ongoing drought-induced uplift in the western United States, 2014, Borsa, A. A., D. C. Agnew, 
and D. R. Cayan, Published Online August 21 2014, Science 26 September 2014: Vol. 345 no. 6204 
pp. 1587-1590, DOI: 10.1126/science.1260279 
 
The western United States has been experiencing severe drought since 2013. The solid earth response 
to the accompanying loss of surface and near-surface water mass should be a broad region of uplift. 
Borsa et al. use seasonally adjusted time series from continuously operating global positioning system 
stations to measure this uplift, which we invert to estimate mass loss. The median uplift is 5 millimeters 
(mm), with values up to 15 mm in California’s mountains. The associated pattern of mass loss, ranging 
up to 50 centimeters (cm) of water equivalent, is consistent with observed decreases in precipitation 
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and streamflow. We estimate the total deficit to be ~240 gigatons, equivalent to a 10-cm layer of water 
over the entire region, or the annual mass loss from the Greenland Ice Sheet. 
 

(Upper plate) Maps of the 
spatial distribution of 
displacements from the PBO 
time series, from 1 March 2011 
through 2014. Uplift is indicated 
by yellow-red colors and 
subsidence by shades of blue. 
The gray region is where 
stations were excluded in the 
Central Valley of California. 
(lower plate) Maps of the 
deviation of annual precipitation 
from the 2003-to-2013 mean at 
meteorological stations in the 
National Oceanic and 
Atmospheric Administration’s 
Global Historical Climatology 

Network, for 2011 to 2014. The pattern of precipitation—in particular, the surplus in California in 2011 
and the deficit in 2014—mirrors the pattern of uplift seen in the PBO GPS data shown in upper plate.  
Figures and description above are modified from Borsa et al., [2014]. 
 
Mechanics of magmatic systems and volcanic processes highlights 
 
Observations of Seiches in the Yellowstone Caldera, 2010, Mencin, D., S. Hurwitz, K. Hodgkinson, 
M. Jackson, and A. Borsa, EGU General Assembly, Vienna, Austria, 2-7 May, 2010, Paper 11324; 
Constraints on the upper crustal magma reservoir beneath Yellowstone Caldera inferred from 
lake-seiche induced strain observations, 2013, Luttrell, K., D. Mencin, O. Francis, and S. Hurwitz, 
Geophys. Research Lett., VOL. 40, 1–6, doi:10.1002/grl.50155. 
 

Seiche waves in Yellowstone Lake with a 
~78-minute period and heights <10 cm act as 
a load on the solid earth observed by PBO 
borehole strainmeters with subnanostrain 
sensitivity throughout the Yellowstone 
Caldera. The far field strain induced by the 
load of the seiche waves calculated with a 
homogeneous elastic model representing the 
upper crust is more than an order of 
magnitude smaller than the measured strain 
amplitude ~30 km from the lake shore. By 
contrast, the observed far field strain 
amplitudes are consistent with the seiche load 
on a two-layered viscoelastic model 
representing an elastic upper crust overlying 
a partially molten body deeper than 3 – 6 km 
with Maxwell viscosity less than 1011 Pa s. 
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These strain observations and models provide independent evidence for the presence of partially 
molten material in the upper crust, consistent with seismic tomography studies that inferred 10% – 30% 
melt fraction in the upper crust.  This summary is reproduced from the abstract of Luttrell et al. [2013] 
and the figures above are modified from Mencin et al. [2010] and Luttrell et al. [2013]. (upper plate - left) 
Observations from July 2009 on three PBO GTSM instruments deployed proximal to Yellowstone Lake.  
Blue traces are detrended engineering strain data and red traces are after the tidal loading signal has 
been removed. (upper plate – right) Inferred proximal strain field with best-fitting magma layer thickness 
and crustal elastic properties. (lower plate) (a) Schematic cross-section of Yellowstone caldera [after 
Lowenstern and Hurwitz, 2008], with approximate locations of Yellowstone Lake and BSM. (b) Model A 
assumes lake seiche load is fully compensated within an elastic upper crust. (c) Model B assumes lake 
seiche load is compensated by an elastic upper crust above a partial melt. Models are not sensitive to 
properties of material below the local depth of compensation of the seiche load. 
 
 
PBO/SAFOD TECHNICAL HIGHLIGHTS 
 
The following facility technical highlights were selected from the PBO/SAFOD annual reports previously 
submitted to NSF. 
 

Highlight (from FY5): 
Orientation of PBO Borehole 
Seismometers Estimated Using 
the 2010 Mw8.8 Chile and 2011 
Mw9.0 Tohoku-Oki Earthquakes  
 
UNAVCO operates 79 borehole 
seismometers as part of the PBO 
strain-seismic borehole network. 
Most of the instruments, Sonde 
SM-2 seismometers with an Oyo 
Geospace HS1-LT geophone, 
were installed in boreholes at 
depths of 100 to 200 m just a few 
meters above a strainmeter. 
While the depth of the installation 
ensured a low noise data set, it 
made it impossible to measure 
the orientation of the seismometer 

during deployment. Not knowing the true orientation of the horizontal components in the borehole 
seismometers meant that these instruments could not be used to estimate receiver functions or used 
for body or surface wave polarization studies. For figure above provided by Taka'aki Taira (UC 
Berkeley, , upper plate). Rotated seismic data from PBO seismometer B005 (blue) compared to data 
from a broadband reference site, LRIV (red, lower plate). Cross correlation value (black) and residual 
energy (red) of comparison. 
 
T. Taira has been able to estimate the unknown orientations by comparing the response of the PBO 
seismometers during the 2010 Mw8.8 Chile and 2011 Mw9.0 Tohoku-Oki earthquakes with those of 
nearby surface broadband instruments. In June 2013, Taira determined the orientation of 68 PBO 
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seismometers. Taira band-pass filtered the data to 0.03–0.08 Hz and then computed the cross 
correlation between the reference surface broadband and PBO data for all possible orientations of the 
PBO seismometer. The orientation that gave the maximum cross-correlation and lowest residual 
energy between the broadband data and the rotated data was selected as the optimal one (see figure). 
UNAVCO is currently updating all PBO borehole seismic metadata and will make these data available 
to the community in via the IRIS DMC, the PBO seismic data archive, as dataless SEED files. 
 
Highlight (from FY5): Cascadia Project Closeout Plan  
Change Order 37 authorized PBO to expand the Cascadia Real-Time network by at least 40 stations, 
add meteorological instruments to 22 stations, and to install a satellite-communications fail-over system 
using BGAN hardware. During this reporting period, all goals and tasks related to this change order 
have been met, with the exception of the deployment of the 3 BGAN fail-over systems. A total of 50 
stations were added to the real-time system with extensive help from PBO field engineers. The work 
required for these stations to stream high-rate, real-time data included the installation of improved 
power and data communications systems. UNAVCO Development and Testing staff conducted 
extensive testing on the BGAN fail-over systems, resulting in the selection of a system that worked 
seamlessly with single stations utilizing current cellular communications. The BGAN systems have were 
deployed in late 2013 to complete the final fieldwork associated with CO37. The Trimble VRS3net 
software was also updated to Trimble PIVOT software, and additional servers were added to handle the 
increased load of the new stations. Archiving hardware was purchased and was installed prior to the 
end of August 2013.  Improved real-time data flow and processing efficiency has been achieved 
through virtualization across UNAVCO hardware resources using virtual machines (VMs) managed with 
VMWare.  Photos of PBO field engineering staff performing some of the work related to the close-out of 
the Cascadia Project are shown in figure below. 

 
 
 
 
Highlight (from FY5): PBO Multiple Monument Comparison Project 
Change Order 35 authorized PBO to construct two additional geodetic monuments at five existing PBO 
stations in order to test and compare the long-term stability of various monument designs under near-
identical geologic and tectonic environments. To be cost effective, these tests were designed to use 
stations with existing PBO deep drill-braced monuments, which are considered to be the most stable 
and are the most expensive of all monuments currently used for PBO and other cGPS networks 
supported by UNAVCO.  Sites that are chosen will provide a variety of geographic and geologic 
conditions, including alluvium and bedrock. 

Station upgrades at P025-Boundary Airport (left) and P051-Billings Airport (right) for 
Cascadia project close out. 
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The proposed site layout involves approximately 10 meter spacing between each monument in a 
triangular configuration with a shared enclosure (in this case toward the south), in order to minimize the 
introduction of multipath created by the additional monuments (figure below). A shared enclosure will 
house all three GNSS receivers (Trimble NetR9), batteries and data communications hardware. 
Additional factors affecting other multi-monument site selection will be cost of permitting, ease of 
access, and choosing a site in which multipath effects are minimal. 
 

 
 

Schematic map and photo of multi-monument layout at The Rock, GA. 
 
In November 2012, PBO engineers installed the first of the five proposed multi-monument comparison 
sites at The Rock, Georgia (P804, P805, P806). The site was ideal for many reasons, including a 
supportive landowner and easy access, sky view and similar multipath for each antenna, and 
competent granite rock outcrop at ground surface. These three stations are currently operational and 
GPS data are being archived and processed via PBO data systems. In addition to standard long-
baseline PBO AC analysis, the UNAVCO development and testing group will perform short-baseline 
processing using the GAMIT/GLOBK software and make the results available on the UNAVCO website. 
 
Highlight (from FY4): PBO Response to the Mineral, VA Earthquake  
 
The August 23, 2011, M5.8 Virginia earthquake (map below) was felt across much of the eastern 
United States and southern Canada, with moderate to strong shaking in Richmond, Washington, D.C., 
and New York City.  The earthquake damaged many buildings in the region of strongest ground 
shaking, most notably the Washington Monument and National Cathedral. The earthquake did not 
produce a recognized surface fault scarp, but moment tensor solutions indicate that it occurred on a 
buried thrust fault. The earthquake was located in the Central Virginia Seismic Zone (CVSZ). The 
seismic zone is not associated with any known faults; however, several small historic earthquakes are 
known and larger events between 1774 and 2003 with strong to very strong ground shaking are inferred 
to be located within the CVSZ. 
 
The Mineral, VA earthquake presented a rare opportunity to study the scientific problems associated 
with Eastern North American intraplate seismicity. In October 2011, engineers T. Dittmann and D. 
Kasmer from PBO began work on an NSF-funded RAPID project related to the study of the post-rupture 
crustal relaxation due to the earthquake. UNAVCO field engineers assisted the Principal Investigator, 
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Dr. F. Pazzaglia (Lehigh University), with all the components of the fieldwork. The project consisted of 
the reconnaissance, permitting, construction, and data communications for two permanent GPS 
stations near Louisa, Virginia, close to the epicenter of the earthquake. In order to capture the full range 
of post-rupture relaxation and slip processes, it was essential to install the new GPS stations as quickly 
as possible. As is typical for such projects, obtaining the land-use permits required for building and 
operating the GPS stations was one of the biggest challenges. To expedite the permitting process, 
reconnaissance efforts focused on private landowners.  
 
Ultimately, PBO responded to the M5.8 Mineral, VA event by installing two new GPS stations within 10 
km of the epicenter on November 18, 2011. In addition, 20 GPS stations operated by the National 
Geodetic Survey were added to the PBO Analysis Center processing stream (see map below).  
 

 
 
UNAVCO field engineers managed the drilling of two 18-inch diameter shallow boreholes used to 
construct the new GPS monuments (see figure below). The engineers poured concrete for the surface 
pillar monuments using a 12-inch diameter form and tied the two pillars together using sections of 
rebar. The hardware at each site includes a Topcon GB1000 receiver from the EarthScope GPS 
campaign pool, Trimble Zephyr antenna, Proxicast cellular modem, and SCIGN mount. Both stations 
rely on solar-powered DC systems.  The cGPS installation portion of the project was completed in 
November 2011. The stations (VA01 & VA02) are currently operating and data from are being archived 
at the UNAVCO Boulder Facility and data from these stations are being processed the PBO Analysis 
Centers. 
 

(Map left) Distribution of 
continuous GPS sites 
proximal to the M5.8, 
August 23, 2011 Mineral, 
VA earthquake.  The 
epicenter is shown as the 
yellow star and the new 
PBO GPS sites are shown 
as blue squares.  Existing 
cGPS sites are shown as 
red circles (NGS CORS) or 
red squares (PBO/NGS). 
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The new PBO sites in VA will help to constrain regional deformation in the Central Virginia Seismic 
Zone. In addition, the new cGPS sites and enhanced PBO processing for existing regional sites will 
provide important constraints on the rate and spatial distribution of surface deformation, both important 
factors in determining the regional seismic hazard as well as enhancing our understanding the 
relationship between seismicity and regional geology of the eastern U.S. 
 
Highlight (from FY4): Upgraded DC Power System at BSM Sites: A Noisy Problem Solved 
 

Solar power system requirements for PBO 
borehole strainmeter sites are quite different 
than the smaller systems used at typical 
GPS site. The steady power draw of a 
typical BSM station is approximately 50 
Watts compared to 8-10 Watts for a typical 
GPS station. Not only do the systems 
operate at much higher current, but there 
are also concerns related to electrical noise 
that can be picked up by several very 
sensitive devices at the station. BSM 
stations were constructed initially using 
Xantrex C60 60 Amp solar regulators (Fig. 
8). These regulators are constructed using 
older switching techniques that can cause 
high current pulses and sudden voltage 
changes. Months of sleuthing with a 
spectrum analyzer indicated current pulses 
cause radiated noise and were coupling to 
the equipment surface electronics, including 
significant noise on the collected high 
frequency data. Basic EM noise mitigation 
carried out at the sites such as twisting 
power wires and physically isolating power 
wires from signal wires proved ineffectual in 
reducing the noise and techniques such as 

physical shielding were not practical (the cable that was causing the coupling was buried under the 
hut!). The Morningstar TS-MPPT-60A 60 Amp solar controller was identified as a replacement (figure 

(Left photo) 
UNAVCO field 
engineer D. 
Kasmer helps 
pour the surface 
pillar at VA02.  
 
(Right photo) 
Completed GPS 
station at VA01.  
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significant reduction in daily noise spike after the installation of 
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above). The Morningstar controller uses newer technology to better control both input and output 
voltage. By controlling the input load the solar panel maximum power point can be tracked to improve 
efficiency. By better controlling the output power, the voltage surges and radiated noise are reduced. 
The TS-MPPT-60A meets new standards for noise emission. Additionally the controller has an Ethernet 
port so many useful power system parameters can be tracked and logged remotely. 
 
Highlight (from FY3): Meteorological Instruments Installed at Four Baja California CGPS 
Stations 
 
Increasing the number of PBO meteorological stations at continuous GPS (cGPS) sites in this region of 
sparse data greatly improves our ability to model and forecast water vapor fields.  Water vapor is the 
critical variable in quantitative precipitation forecasts.  Although arid, this region experiences both 
frontal (winter) and deep convective (summer North American Monsoon) precipitation. Particularly 
during the North American Monsoon, the added PWV data derived from the Baja California CGPS 
network will help to improve convective rainfall forecasts through improving the PWV fields used in 
Numerical Weather Prediction models such as the Weather Research Forecasting model. This is 
particularly true for the Gulf Surge phenomenon, which leads to strong increases in convective activity 
in the SW US, but which is presently poorly resolved. Likewise, improved PWV measurements will help 
to constrain model-generated water vapor fields for numerical case studies.   During the wintertime, 
frontal storm passage is often associated with strong fluxes of water vapor from the tropical Eastern 
Pacific (particularly in El Nino years). This increased water vapor flux could be detected in the PWV 
signal over the region leading to improved forecasts as well as improved understanding of the 
interaction between topography and frontally forced precipitation. 
 
During FY2011-Q2, engineers from the Plate Boundary Observatory installed Vaisala WTX520 
meteorological instruments at four of the six CGPS stations, which are part of the El Mayor-Cucapah 

earthquake response project.   These 
stations augment the meteorological 
instruments in the PBO footprint. This 
project is seen as a successful international 
collaboration between NSF-funded 
investigators, UNAVCO, EarthScope, and 
Mexican research institutions such as 
UNAM (Universidad Nacional Autonoma de 
Mexico) and CICESE (Centro de 
Investigación Científica y de Educación 
Superior de Ensenada, Baja California). 
 
 

 
 
Highlight (from FY2): PBO EarthScope Response to the Mw=8.8 Chile Earthquake on Feb. 
27, 2010 

On Feb. 27, 2010, a Mw=8.8 earthquake occurred off the coast of the Maule region of central Chile. 
Intense shaking lasted for about three minutes and a tsunami generated in the Pacific Ocean. This 
event was immediately to the north of the rupture zone of the magnitude 9.5 Chile earthquake of 1960 
(the largest earthquake recorded to date) and is the fifth largest earthquake on record. UNAVCO and 

CGPS station, PJZX, with meteorological instrument 
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EarthScope community members are in the process of acquiring data sets in Chile using a variety of 
geodetic tools. These projects include: 
 
• Capturing post-seismic deformation 
• Capturing high rate data for significant aftershocks (GPS seismology) 
• Improving determination of coseismic offsets by reoccupying campaign GPS benchmarks in the 

region 
• Establishing semi-permanent sites for future reference work on shore and sea floor geodesy 
• Providing ground control for the large number of expected InSAR observations 

The urgent need for geodetic observations after the earthquake led to a community request for 
deployment of receivers from the EarthScope pool.  Fifteen instruments were authorized for deployment 
for a period not to extend past 28 February 2011.  The receivers are currently deployed and the data 
are being used to capture post-seismic deformation across Chile and Argentina.  The raw data and 
metadata collected will be archived at UNAVCO and are freely available to all investigators without 
artificial delay.  EarthScope PBO staff was involved in the rapid response to this large earthquake in a 
number of ways.   A. Borsa led the UNAVCO event coordination effort, which included a review and edit 
of all web content related to the event response, communications with community members, 
coordination of the initial phase of the rapid proposals until the PIs could take over, and the 
management of the transport of people and equipment to the staging area in Chile. GPS operations 
manager K. Feaux traveled to Santiago, Chile with UNAVCO field engineer N. Flores to deliver 20 GPS 
systems (combination of Topcon GB1000 and Trimble NetRS systems) and nine Tech 2000 fixed 
height antenna masts provided by the Plate Boundary Observatory For more information please see 
http://www.unavco.org/research_science/science_highlights/2010/M8.8-Chile.html 
 
 
 

(left map) Yellow vectors represent interseismic red post seismic from existing stations, pink 
squares are NSF RAPID stations installed for the event. (right photo) ‘Ultra’ rapid installation 
without hardened support materials. The inset photo shows weather-hardened equipment box and 
solar panels.  Courtesy of B. Brooks, J. Foster, M. Bevis, B. Smalley, H. Parra, J.C. Baez-Soto, M. 
Blanco, E. Kendrick, J. Genrich, and D. Caccamise. 
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Highlight (from FY1): Long-baseline Laser Strainmeter at Durmid Hill Records Bombay Beach 
Earthquake Swarm 

 
The M4.8, March 24, 2009, Bombay Beach 
Earthquake and the earthquake swarm that followed it 
were recorded by the PBO Long Baseline Laser 
Strainmeter at Durmid Hill (DHL). The Laser 
Strainmeter Group at Scripps, D. Agnew, F. Wyatt and 
B. Hatfield, routinely process the PBO laser 
strainmeter data to provide a Level 2 data set that 
includes tidal and instrumental corrections. Analysis of 
the Durmid Hill strain data indicates there was no 
change in trend or behavior in the days after the M4.8 
event.  All long baseline laser strainmeter data can be 
accessed from the PBO websites at 
http://pboweb.unavco.org/?pageid=89.  Figure to the 
left shows the LSM time series from orthogonal 
instruments at Durmid Hills during the Bombay Beach 
M4.8 earthquake. 
 
 
 

 
 
OPERATIONS SUMMARY 
 
PBO/SAFOD 
Selected Highlights for Data Products  

• Cumulative data return for the PBO network since the beginning of the O&M Phase I period is 99% 
for GPS/Met, 96% for seismic, 98% for BSM, 100% for LSM, 92% for pore pressure, 86% for tilt. All 
PBO sensors met the target level of 85% cumulative data return required by the PBO O&M 
Phase I Cooperative Agreement. In addition, all sensors, except tiltmeters, met the data 
quality metrics set by NSF. 

• UNAVCO developed and will implement barometric pressure tracking as an improved data quality 
performance metric for PBO pore pressure sensors. The old metric remained in place through 
Y5Q3. The new metric has been applied starting in Y5Q4 for PBO pore pressure sensor 
performance monitoring and reporting.  

• NCEDC (UC Berkeley) completed its efforts to make SAFOD VSM data products available in single 
and double-precision miniSEED format. These products became available to the EarthScope 
community at the IRIS DMC in September 2013. 

• Over 500 additional stations were added to the PBO AC/ACC processing stream as per Change 
Order 28 approved by the EMT and NSF in May, 2012; as part of this CO, the entire PBO network 
was reprocessed in ITRF08 using updated Earth models and recomputed orbits, clocks, and EOPs.  
While there were several delays in producing the final PBO data products (see Appendix C), the 
entire AC/ACC effort still was nearly complete by the end of the NCE (YR6).  Documentation 
outlining the end-to-end processing procedures, all processing scripts as well as cleaned and 
reviewed associated station metadata will be available on the UNAVCO website by Dec. 31, 2014. 
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• Real-time data deliveries from PBO's GPS network have accounted for 25.0 TB of data usage since 
the beginning of the O&M Phase I period. This means that 14.7% of all PBO GPS data volume 
delivered was accessed through real-time streams. 

• One unplanned and significant data flow outage occurred during the PBO/SAFOD O&M Phase I 
period (including the NCE).  This event was the result of a malicious attack on PBO IT assets in 
Boulder, CO.  No data were lost as a result of this attack. Depending on sensor type, data flow was 
interrupted for several days from August 29 to September 7, 2012.  See Appendix D for additional 
details related to this data flow interruption as well as others that occurred O&M Phase I. 

• More than 15,869 unique users downloaded data from PBO over the O&M Phase I period. 
Additional information and notes about PBO data usage may be found in Appendix E. 

 

 
Quarterly average uptime metrics for PBO sensors over the O&M Phase I (2008-2014). Note that metrics 
from Oct. 1, 2013 through Sep. 30, 2014 (1 year NCE period for PBO/SAFOD CA) are also reported as part 
of the GAGE Facility CA. 

 

 
Cumulative data delivery from PBO sensors since the initiation of PBO in 2004. Note that metrics from Oct. 
1, 2013 through Sep. 30, 2014 (1 year NCE period for PBO/SAFOD CA) are also reported as part of the 
GAGE Facility CA. 



 EarthScope PBO/SAFOD Final Report 2008-2014 
 
20 

Selected Highlights for GPS Operations 

• The 1100-station GPS network uptime over the entire O&M Phase I period is 94.9%.  This is a 
testament to improved engineering of power and communications systems at a number of sites and 
the tireless efforts of the PBO GPS Team. 

• PBO-East engineers completed the installation of a GPS station near Bedford Pennsylvania in late 
September 2013. This completes the plan to upgrade three poorly preforming Eastern US PBO 
stations (GA, TX, and NY) and to add three new sites.  The other new sites at Mandan, ND, Mellen, 
WI were installed in October 2012. 

• All Cascadia ARRA Supplement site upgrades, including the 40+ additional sites and additional 
metpack installations approved through Change Order 37, were completed on time and on budget.  
The total number of Cascadia RT-GPS (1 Hz, ~0.5 ms latency) now stands at 283; these stream 
data in RTCM2/3 and BINEX formats through the NTRIP protocol.  Command and control as well as 
streaming real-time position estimates are now handled through the Trimble PIVOT software 
platform. Metpacks were added to 22 sites and three sites are now equipped with BGAN satellite 
fail-over communication systems.  The original ARRA Supplement was for $2.5M and all work was 
required by law to be completed by September 30, 2013. All but $50 of the $2.5M Cascadia ARRA 
spending authority was used in support of this project. 

• PBO-SW engineers completed upgrades from 900MHz to 5.8GHz radios in the Salton Trough, 
where high summer temperatures had previously resulted in reduced performance of data 
communications equipment. This work included hardening of the principal repeater for ten PBO 
stations. Analysis shows little change to latency and data completeness. Download rates, however, 
increased by 1100-2100%. The completion of the upgrades will occur in FY2014. 

• In the PBO-SW region, over twenty 4G cellular modems (LC3) were installed as part of PBO 
change order 37. The new units replaced first generation LC1 and LC2 modems improving 
download rates and reliability. 

• There are a total of 117 TopCon GB-1000 GPS instruments that are considered part of the PBO/ES 
instrument pool (100 in the original PBO pool and 17 instruments added later).  25 of the 117 PBO 
campaign GPS systems are currently in-use on EarthScope Program PI projects, 90 are available, 
and 3 are undergoing repair as of September 30, 2014. Over the PBO O&M Phase I period, the 
long-term commitment of the PBO GPS pool to the ongoing Rio Grande Rift and Colorado Plateau 
PI projects was 53% through 2014.  The Colorado Plateau project originally used 28 TopCon 
instruments from the PBO/ES pool, but these have been replaced at the request of the PI, with 
Trimble NetRS instruments.  A summary of all supported PI projects that used the PBO/ES 
instruments may be found in Appendix F. 

 
Real-time GPS Operations 
As part of the PBO/SAFOD O&M Phase I CA, UNAVCO developed the capability to provide real-time 
data streams of both raw and processed data to a subset of the PBO and COCONet (EAR-1042906) 
cGPS networks. As of September 30, 2014 (the close of the 1 year NCE period), UNAVCO provided 
high-rate (1 Hz), low-latency (<1 s) GPS data streams (RT-GPS) from approximately 430 stations, 391 
of which are PBO/COCONet stations, including the 282 stations upgraded as part of the NSF-funded 
ARRA Cascadia initiative. In addition, Precise Point Positioning (PPP) solutions generated by the 
Trimble RTX commercial processing platform are being streamed to the community for all available 
stations. These data products support current research efforts in the field of Early Earthquake Warning 
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(EEW) and operational hazard programs in the USGS at the both the Volcano Observatories and 
Earthquake Hazards program.  
 
At the start of the PBO/SAFOD O&M Phase I CA (October 1, 2008), UNAVCO was streaming data from 
approximately 100 cGPS stations using an in-house developed package, ustream, as a pilot project. 
During the PBO/SAFOD O&M Phase I period, this initial effort became fully operational. Ustream was 
replaced by the Trimble PIVOT data flow management and processing platform through an open 
competitive process and the RT-GPS network grew to its present state (see figures below). 
  

 

 

 

 

Plot showing the historical and future growth of the PBO (now GAGE) RT-GPS 
network by year for the PBO OM CA (2008-2013). Chart also depicts the proposed 
and funded growth under the current GAGE CA (2013-2018). 

Map (left) of GAGE/PBO RT-GPS network 
as of Sept. 30, 2014. Blue dots are all PBO 
and COCONet cGPS stations, red dots are 
those that are streaming into the RT-GPS 
system when available. Stations stream in 
BINEX to the Boulder NOC with RTCM 2.x, 
RTCM 3.x, BINEX, and RTX streams 
available at the NOC to the user 
community.  
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Selected Highlights for Borehole Strainmeter and Seismic Operations 

• The BSM network uptime over the entire O&M Phase I period is 91.2% for the borehole seismic 
sensors and 94.0% for the GTSM sensors.  This is a testament to improved engineering of power 
and communications systems at a number of sites and a major investment in effort by the PBO 
BSM Team. 

• PBO obtained the final permit with NPS for Norris replacement BSM in Yellowstone in August 2013. 
UNAVCO staff, NPS staff and the Tacoma Pump & Drill team were onsite at Norris Ridge to spud in 
B949 on Friday, September 6, 2013. BSM installation equipment was mobilized from Boulder, 
Southern CA and Portland OR for the to complete the Norris installation.  The first hole (B949) 
started producing ~90°C water from the target install zone at ~460’ and was deemed unusable and 
thus plugged and abandoned.  Despite a partial government shutdown, which began on Oct. 1, 
2013, an early snowstorm that resulted in accumulations of >24” onsite, and temperatures that were 
below -10°C, the PBO BSM team completed the install of a standard PBO instrument package at in 
a second hole (B950) at a depth of ~346’ located some 15’ away from abandoned B949 on Oct. 2nd 
2013.  All borehole sensors yield nominal calibration readings and are streaming data, which are 
currently being locally cached as a result of a component failure of the local VSAT terminal.  
Repairs to the VSAT system were completed in late October 2013 under during the NCE period. 

• A summary of PBO GPS and BSM field engineering site visits for Y4Q4 through Y5Q3 is shown in the 
table below.  The overall average for work time spent in the field is 34.0% for field engineers (this 
includes PBO project managers who also work in the field).  A summary of PBO/SAFOD staffing levels 
at UNAVCO over the entire O&M Phase I period (2008-2013) on a quarterly basis is in Appendix G. 

   
Selected Highlights for PBO Permitting Operations 
• Significant accomplishments include re-permitting of the China Lake Naval Weapons Station permit 

for six PBO sites, permitting of six new PBO East sites, and completion of a Denali National Park 
fact sheet. In addition, PBO issued renewal insurance certificates to over 400 landowners on 
November 1, 2012. Finally, considerable effort has been devoted to re-permitting of the Yellowstone 
National Park network, for which the NPS is requiring a new study plan and environmental review.   

 
• Mr. J. Downing, esq. was hired to replace K. Bohnenstiehl.  Mr. Downing graduated from Vermont 

Law School in 2011 and is a member of the Colorado Bar Association.  He joined UNAVCO in 
September 2014.  He will oversee all permitting and contract negotiations for PBO sites and for the 
GAGE Facility.  He is currently reviewing all existing PBO permits and will be revising these 
documents to allow assignability of permits after the close of the GAGE Facility CA in September 
2018.   
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Selected Highlights for LSM Operations 

• The PBO long baseline laser strainmeter (LSM) instruments functioned particularly well this period. 
A failure of the vacuum-pump system at DHM2 resulted in the loss of several days of data, although 
the availability of ancillary instrument recordings (here, the vacuum pressure) meant that much of 
the record could be restored. In fact, for several other episodes in this quarter, post-processing 
allowed for full recovery of the strain signal, a benefit of the LSM being monitored and fully 
accessible. 

• UCSD personnel and UNAVCO staff member K. Hodgkinson implemented a number of 
improvements to the strain data archive in 2013, including updating the Ice-9 to miniSEED channel 
mappings and retranslating the signals in the archives. Until this recent change in data processing 
methods, such corrections to the LSM data have largely been handled as ad hoc adjustments. 
These records are now included in the ASCII-files available on the UNAVCO website. 

• In June 2012, data from the PBO Laser Strainmeter (LSM) CHL1 and CHL2, near the San Andreas 
fault in Cholame, California and nearby PBO borehole strainmeters (BSM) revealed a series of 
three transients beginning on 2012:266:00 and extending through 2012:277:00. The variations in 
these signals indicate that fault slip likely occurred very near this collection of instruments. Unlike 
the strain-events recorded in 2010, the long baseline strainmeters do not show any longer-term 
deformation either leading-up to or after the rapid strains. The LSMs also provide an important 
check on subsequent rainfall-related transients from BSMs. 

• In order to provide a background for interpreting these types of creep events, a better estimate of 
long-term fault creep nearby is very valuable. This part of the fault is generally thought to be 
"locked" by many community members, but there is in fact a small amount of surface creep. The 
line between the PBO GPS stations P578 and P552 crosses the fault, and analysis of this baseline 
shows a fault-parallel slip rate of about 2 mm/yr for the past three years; the distance is so short 
that the actual elastic deformation must be small. In the month of October of 2012, UCSD staff 
resurveyed the full network for the first time in 34 years. Combining all the data will provide 
important evidence of how steady the surface creep is at this location.   

 

Selected Highlights for the SAFOD Vertical Laser Strainmeter 

• The SAFOD vertical laser strainmeter (VSM) instrument functioned well in Y5Q3, without the 
common-but-infrequent light-polarization 'fading' events. A pair of M 1.8 earthquakes located 12 km 
away on the San Andreas fault (one to the NW, the other SE), provided good records of the strain at 
depth. Likewise the M 8.3, Sea of Okhotsk event of 24 May 2013 was well recorded. Due to lab 
hardware problems (computer failure) the diagnostic 15-minute Femto summary-ellipse plots from 
2013:134 to 2013:167 were not generated, but inspection of the recordings in this period do not 
indicate any loss of data (and the missing diagnostics will be retroactively created). SAFOD VSM 
performance factors were 100% throughout Y5Q3. 

 
• D. Neuhauser of UC Berkeley and the NCEDC completed translation software to convert raw binary 

data from the VSM to miniSEED format in 2013 and this software has been applied to all available 
from the VSM since the beginning of the MREFC.  As part of the conversion of the binary historical 
VSM data to miniSEED, D. Neuhauser has documented numerous instances of significant timing 
problems in the VSM time-series, including temporal gaps, data out of temporal sequence, and 
significant clock drift.  Timing problems in the VSM historical data are the result of a combination of 



 EarthScope PBO/SAFOD Final Report 2008-2014 
 
24 

the original design of the VSM instrument, including the use of an internal quartz oscillator, whose 
behavior is poorly characterized and somewhat erratic. USCD has made improvements to the 
original design of the data control and digitization system currently deployed at SAFOD in the VSM 
for other fiber-optic, interferometric, laser-strain instruments, in which internal timing of the 
instrument (laser) is now locked to external GPS-time. 

 
Selected Highlights for SAFOD Operations 

• The removal and forensic analysis of the failed SAFOD down-hole instrument package (DIP) was 
completed under the aegis of PBO Change Order 01.  This CO authorized UNAVCO to use $475K 
to undertake the oversight of the SAFOD Main Hole, formerly managed by Stanford University and 
the USGS, and to remove the DIP for forensic analysis by an ad hoc committee of experts, referred 
to as the SAFOD Engineering Subcommittee (SES) of the Advisory Committee – Geosciences to 
NSF (AC-GEO).  UNAVCO staff supervised the removal of the DIP from the SAFOD Main Hole in 
early October 2010.  The DIP was transported from Parkfield, CA to Houston, TX, where the SES 
convened to supervise the forensic analysis.  A final report by the SES was submitted to NSF on 
March 30, 2011.  This report concluded that a combination of inadequate funding, inappropriate 
engineering design, poor manufacturing, and problems during and after installation of the DIP, all 
contributed to the SAFOD DIP system failure.  The SES Final Report may be found in Appendix H. 

• TAMU reported that 134 of 138 samples have been distributed to the 11 PI groups who made round 
3 requests for SAFOD core. Note that all outstanding requests from previous rounds have been 
incorporated into Round 3, so these totals represent the current state of SAFOD sample distribution. 

• A total of 171 samples of core materials have been returned which include flakes/chips, rubble, 
friction powder, etc. to TAMU for long-term curation. 

• TAMU completed sampling the fragile G-R2-S7 core in 2013 (Y5Q4). 

• A summary of all SAFOD core and other sample requests, all materials sent to PIs, and any 
materials returned from PIs during the PBO/SAFOD O&M Phase I period (including the NCE) may 
be found in Appendix I.  

• The SAFOD Core Viewer was successfully handed off to the new SAFOD Core Management Office 
at TAMU in late September 2013.  A private consultant was hired to complete the migration to 
Google API v3 and to fix additional vulnerabilities in the original code.  The TAMU sub-award was in 
NCE through Dec. 31, 2013 to complete these upgrades as well as to complete the Phase 3 Round 
4 core solicitation and initial delivery of the requested SAFOD core materials. 

• An informal “town hall” was convened at the fall 2012 AGU meeting, which was well attended by the 
community (50+ attendees). The primary topic of discussion was the RFP released by NSF for the 
oversight of the SAFOD Main Hole and management office. The general consensus from this 
meeting was that significant community interest remains to keep the SAFOD project moving 
forward. Attendees requested consideration for a community workshop to recommend guidelines for 
the next RFP. As a follow-up to the 2012 AGU SAFOD “town hall,” a breakout session was held at 
the 2013 EarthScope National meeting to discus the future of SAFOD.  

Selected Highlights for LiDAR, InSAR, and Geochronology 

• EarthScope LiDAR data products are available from the NSF-funded OpenTopography facility. To 
date, 14.0 TB of LiDAR point clouds, DEM tiles and Google Earth imagery streams have 
been downloaded. Over the PBO O&M Phase I period, 943 unique users downloaded 15.99 TB of 
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LiDAR data. As of May 2013, OpenTopography is now distributing seamless (i.e., merged) files for 
a user's area of interest. This means that UNAVCO is no longer delivering data bundled on a tile-by-
tile basis. This is a considerable improvement to the OT and EarthScope LiDAR user experience.  

• OpenTopography has also migrated all fileserver hosting to the San Diego Supercomputer Center 
Cloud. This migration represents a considerable cost efficiency and was necessitated by reduced 
NSF funding for the OpenTopography Facility. Because of this migration, however, we are no longer 
able to track "file stream" (i.e., bandwidth utilized) for files hosted on the Cloud. Thus, the 
EarthScope Google Earth LiDAR statistics are no longer available after April 2013. 

• EarthScope InSAR data are available from the GAGE Facility. Nearly 40,000 scenes totaling 16 TB 
of data are available for community use. Over the PBO O&M Phase I period, 7.85 TB of InSAR data 
have been downloaded by 331 unique users. 

 
Selected Highlights for Education & Community Engagement 
Technical Training of Community in PBO Data Processing and Analysis 
UNAVCO hosted three technical short courses for community members focused on accessing and 
processing data from the Plate Boundary Observatory in June and July of 2013. Community 
participants included graduate students, early career researchers, and established researchers 
expanding their knowledge base of GPS processing. Courses were designed and taught by community 
researchers who are experts in various GPS and data processing techniques. Close to 100 community 
members participated in the three short courses.  

Technical Short Course: Community members who participated in the GPS Data Processing and Analysis 
GAMIT/GLOBK/TRACK, 8-12 July 2013 at UNAVCO Headquarters in Boulder, Colorado. 
 
Other Technical short courses and educational workshops 
• In August 2012, UNAVCO hosted a technical short course in Boulder, Colorado: InSAR: An 

introduction to Processing and Applications for Geoscientists. The course was taught by community 
members P. Rosen & E. Fielding (JPL), W. Szeliga (Central Washington University), and M. 
Pritchard (Cornell). The goal of was to train scientists in the methods and practices of InSAR 
(Interferometric Synthetic Aperture Radar), a powerful tool for measuring Earth surface deformation 
due to earthquakes, volcanic unrest, ground water migration, and anthropogenic activity. In May 
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2012, UNAVCO community members S. Desai and S. Owen from JPL taught a technical short 
course focused on GPS processing using GIPSY/OASIS, QOCA, and teqc software packages.  

• Feedback from both 2012 courses indicates that the participants were very satisfied with the 
content and delivery of the courses. Upon completing the course, participants feel confident they 
can use the data and software. They expressed the intent to integrate the respective software 
packages into their research. They also stated a desire for longer workshops, an additional day, to 
provide time for practicing with the software and data as well as interact with instructors.  

 

 
          Participants at the August 2012 InSAR short course at UNAVCO HQ in Boulder, CO.  

 
Undergraduate Education Efforts 
• The strain learning-module is suitable for structural geology and geophysics courses and features 

GPS data from 3-station sets using PBO GPS data. The activities within the curriculum help 
students gain a fundamental understanding of strain and its relationship to displacements and 
deformation in the context of solving real geoscience problems, such as earthquake hazard 
determination. The initial module was pilot tested in September 2012 in a structural geology course. 
The learning module is being evaluated and revised based on best-practice education methods 
developed by the Science Education Resource Center’s Interdisciplinary Teaching of Geoscience 
for a Sustainable Future (SERC InTeGrate) criteria. This module was field tested further in spring 
2013.  

Workforce Development: RESESS Internship Program  
• In 2012, PBO provided financial, staff mentors, and research support to several undergraduate 

summer research interns through the RESESS (Research Experiences in Solid Earth Science for 
Students) program. RESESS is a bridge to graduate school program with a mission of increasing 
diversity in the geoscience workforce. Core program support is provided through the National 
Science Foundation through Grant No. 0917474 GEO-OEDG. 

 
Science Conferences 
• PBO activities and data were highlighted at the UNAVCO exhibit booth at the 2012 annual meetings 

of GSA and AGU. Forty-six UNAVCO staff and RESESS interns attended the AGU meeting where 
UNAVCO occupied a 10’x20’ exhibit booth in the exhibit hall. UNAVCO reached approximately 
1100 conference attendees through booth demonstrations, surveys, materials giveaways and 
informal meetings. At GSA, UNAVCO staff interacted with approximately 400 attendees, many of 
whom were students interested in entering the science/technical workforce.  
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Museum Displays 
• During the NCE (Y6Q1) UNAVCO completed the successful fabrication and installation of a 

museum exhibit at the Hatfield Marine Science Visitors Center in Newport, Oregon. The exhibit, 
Measuring the land moving beneath your feet with Real-time GPS, will have over 250,000 visitors 
annually. The exhibit highlights GPS and the role high-precision GPS plays in researching and 
understanding hazards such as tsunamis (see photo below) 

 
• PBO GPS data and science results are featured in the newly published EarthScope Active Earth 

Monitor kiosk set. A cut-away of a PBO GPS monument is now on display at the EarthScope 
National Office in Arizona State University (see photo below). 

 
In addition to these activities, the ECE component of the PBO/SAFOD CA worked closely with the 
EarthScope National Office (ESNO), the EarthScope Steering Committee, and members of IRIS and 
UNAVCO staff, to prepare and host the EarthScope on the Hill and EarthScope Decade Celebration at 
the AAAS building in Washington, DC on May 14-15, 2014.  The ESNO published a brochure that is 
being distributed to IRIS and UNAVCO and was initially released to the public at the Geological Society 
of America Annual Meeting in Vancouver, BC.  A facsimile of this document is in Appendix J.  A 
summary of a citation report for PBO-related publications complied through September 2014 is found in 
Appendix K.  
 
 
 
 
 
 
 
 
 
 

The museum exhibit “Measuring the land moving beneath your feet with Real-time 
GPS,” at the Hatfield Marine Science Visitors Center in Newport, Oregon (left). 
Views of the PBO GPS display at the EarthScope National Office, ASU (right). 
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PROJECT CONCERNS AT CLOSE-OUT 
 
PBO/SAFOD 
 
There are no project concerns at the close of the PBO/SAFOD O&M Phase I period.  All activities 
approved for completion by NSF during the no-cost extension period from Oct. 1, 2013 to Sep. 30, 2014 
have been completed as planned. Section 10 of the Award Specific Programmatic Terms and 
Conditions list the following Deliverables: 

A. At least 1084 permanent GPS stations deployed in dense clusters (875 new, 209 pre-
existing) focused on active tectonic phenomena such as movement along the San 
Andreas fault, the Basin and Range province, the Cascade Mountains, and around the 
volcanic centers of Mt. St. Helens and the Yellowstone Hotspot. 

B. A backbone of 16 GPS stations that will also be used to define the eastward edge of plate 
deformation. 

C. 78 borehole strainmeter stations that will measure strain changes in the shape of an 
instrument cemented into rock.  The low-noise boreholes also contain other instrument 
types, such as seismometers, pore pressure monitors, and tiltmeters. 

D. 6 long-baseline laser strainmeters that have the long-term stability of GPS measurements 
and the high-resolution of borehole strainmeters. 

E. 26 shallow borehole tiltmeters that will measure changes in tilt of the Earth’s surface, 
focused on volcanic and magmatic deformation. 

F. A pool of 100 GPS receivers that will be available for earthquake studies and short-term 
experiments through proposals funded by the National Science Foundation and other 
agencies. 

G. A borehole extending 3.1 km vertically and 1.8 km horizontally to intersect the San 
Andreas Fault. 

H. A vertical laser strainmeter within the SAFOD Main Hole that will directly measure the 
physical conditions under which the plate boundary earthquakes occur, and the required 
data collection and data management facilities needed to make information derived from 
this instrument and earlier deployments in the SAFOD Pilot and Main Holes available to 
the scientific community. 

I. SAFOD core and samples extracted from the SAFOD Pilot Hole and Main Hole made 
available for research, and the required data collection and data management facilities 
needed to make the information available to the scientific community. 

 
As outlined in the sections above, all PBO sensors are have met the required metrics for data uptime as 
established by the terms and conditions of the Cooperative Agreement in Section 2 Program 
Objectives.  All sensors, except the PBO tiltmeters, also passed all data quality metrics. 1100 GPS 
stations, 78 borehole strainmeters, 6 long-baseline laser strainmeters, and 25 tiltmeters (out of a 
possible 26 holes), and the VSM in the SAFOD Main Hole are operational as of September 30, 2014.  
The original pool of 100 GPS campaign-style receivers (TopCon GB-1000), while technically obsolete, 
is available for use by PIs.  All SAFOD core and samples extracted from the Pilot Hole and Main Hole 
are in the care of Core Repository at Texas A&M University, and UNAVCO has transferred all 
management of these materials to TAMU effective Oct. 1, 2013. The disposition and responsibility of 
the SAFOD borehole now resides with NSF and the USGS effective September 30, 2014. 
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FINAL FINANCIAL AND VARIANCE REPORTING 
 
SUMMARY 
This report includes all supplements to the Cooperative Agreement. September 30, 2013 was the end 
of original five-year PBO O&M Phase I period. A no-cost extension was submitted and approved by 
NSF in August 2013 to allow completion of some scope that was expected to cross the Oct. 1, 2013 
epoch along with initiation of the new GAGE Facility Cooperative Agreement. This extended the PBO 
O&M Phase I period through September 30, 2014. The request for NCE included a plan to complete 
some items that were part of the original scope, which were still open as of September 30, 2013 well as 
the completion of change orders that were approved in 2013. As of September 30, 2013, $859K (1.7%) 
was unspent.  In the 1st quarter of the one-year NCE, $584K was spent, leaving $275K.  The remaining 
funds were spent in the 2nd quarter ($220K) and the 3rd quarter ($54K), resulting in $1,817 or 0.0% 
variance on the total Cooperative Agreement funding $53.6M (combined PBO/SAFOD and Cascadia 
ARRA funding) from NSF.  Details are found below.  A summary of all the equipment purchased (over 
$5K and listed as US Government Property) under the PBO/SAFOD CA may be found in Appendix L. 
All of this equipment has been transferred to the GAGE Cooperative Agreement (EAR–1261833) 
effective Oct. 1, 2013 as per the additional Programmatic Terms and Conditions of that award. A list of 
all the requested and approved Change Orders during the PBO/SAFOD O&M Phase I period may be 
found in Appendix M. 
 
 
PBO/SAFOD 
 

 
 
 

 

WBS Element Annual Budget SupplementsTotal Cum FundingTotal Spent Variance Variance %
2.3 PBO
2.3.1 PBO Overall Support 2,257,851 9,031,697    8,364,125 667,572      7.4%
2.3.2 Long-baseline Laser 285,342 1,423,896    1,451,571 (27,675)       -1.9%
2.3.3 Data Products 2,430,474 9,462,148    9,398,243 63,905        0.7%
2.3.4 Borehole Strainmeter 1,623,361 6,654,563    6,600,335 54,228        0.8%
2.3.5 GPS Operations 5,333,703 23,254,177  23,159,973 94,204        0.4%
2.3.6 SAFOD Operations 124,276 1,140,848    1,133,724 7,124          0.6%

Management Fees 40,000 200,000        200,000 -              0.0%
PBO Total 12,095,007 0 51,167,329 50,307,971 859,358 1.7%

YEAR 5
NSF Funding Total Cum Variance

WBS Element Annual Budget SupplementsTotal Cum FundingTotal Spent Variance Variance %
2.3 PBO
2.3.1 PBO Overall Support 9,031,697    8,440,406 591,291      6.5%
2.3.2 Long-baseline Laser 1,423,896    1,451,514 (27,618)       -1.9%
2.3.3 Data Products 9,462,148    9,469,745 (7,597)         -0.1%
2.3.4 Borehole Strainmeter 6,654,563    6,720,959 (66,396)       -1.0%
2.3.5 GPS Operations 23,254,177  23,697,671 (443,494)     -1.9%
2.3.6 SAFOD Operations 1,140,848    1,186,774 (45,926)       -4.0%

Management Fees 200,000        200,000 -              0.0%
PBO Total 0 0 51,167,329 51,167,069 260 0.0%

NCE
NSF Funding Total Cum Variance
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Summary spending for one year NCE (Oct. 1, 2013 through Sept. 30, 2014)  

 
 
 
CASCADIA ARRA Supplemental Funding to PBO/SAFOD 
 

  
 
Cascadia Supplement 
The above financial summary is only through September 30, 2013. PBO field engineers completed all 
remaining GPS, communications, and metpack upgrades and BGAN installations by the mandated 
ARRA deadline of September 30, 2013. 
 
 
 
 
 
 

Annual Budget SupplementsTotal Cum FundingTotal Spent Variance Variance %
WBS Element
2.3 Cascadia
2.3.1 PBO Overall Support 35,100 157,165      162,287 (5,122)         -3.3%
2.3.3 Data Products 108,560 910,729      923,466 (12,737)       -1.4%
2.3.5 GPS Operations 73,867 1,432,106   1,412,690 19,416        1.4%
TOTAL 217,528 0 2,499,999 2,498,442 1,557 0.1%

YEAR 4
NSF Funding Total Cum Variance

Amount'Remaining'09/30/13 860,915'''''''
Equipment*(Receivers) 324,500*******
BSM*;*Norris 77,200*********
COOPEUS 43,500*********
ECE*;*Short*courses*&*AGU 41,900*********
GPS*Materials/Supplies 25,500*********
Subawards*NCE 25,000*********
Incidentals 46,634*********

Amount'Remaining'12/31/13 276,681'''''''
Subawards*NCE 37,000*********
GPS*Materials/Supplies 167,000*******
Incidentals 16,985*********

Amount'Remaining'03/31/14 55,696'''''''''
GPS*Materials/Supplies 36,000*********
Incidentals 18,082*********

Amount'Remaining'06/30/14 1,614'''''''''''
Accounting*Adjustment 203**************

Amount'Remaining'09/30/14 1,817'''''''''''
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Additional Financial Information for PBO/SAFOD 
 
Subawards Budget and Spending Summary (Oct. 1, 2008 through Sept. 30, 2014) 
 

Subawardee	   Task	  
	  Amount	  
Awarded	  	  

	  Total	  
Spend	  	   	  Amt	  Remaining	  	  

UCSD	   0201	   	  1,429,251	  	   	  1,429,249	  	   	  2	  	  
NMT	   030201	   	  22,411	  	   	  22,197	  	   	  214	  	  
CWU	   030301	   	  690,492	  	   	  690,492	  	   	  -‐	  	  	  	  
NMT	   030302	   	  711,571	  	   	  711,704	  	   	  (133)	  
MIT	   030303	   	  568,316	  	   	  568,316	  	   	  -‐	  	  	  	  
UCB	   0306	   	  644,980	  	   	  644,980	  	   	  -‐	  	  	  	  
UCSD	   0602	   	  171,381	  	   	  171,315	  	   	  66	  	  
UCB	   0603	   	  78,273	  	   	  77,806	  	   	  467	  	  
TAM	   0604	   	  366,405	  	   	  365,914	  	   	  491	  	  

 
Total Budget and Spending by NSF 1030 Categories (Oct. 1, 2008 through Sept. 30, 2014) 
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APPENDICES TO THE FINAL REPORT 
 
Appendix A: Agenda for PBO/SAFOD Close-out and Site Review by NSF 
Appendix B: Midterm report on PBO/SAFOD CA management by NSF staff 
Appendix C: PBO AC/ACC milestones and issues summary 
Appendix D: Summary of PBO data flow outages 
Appendix E: PBO data usage details and notes 
Appendix F: PI Projects supported with PBO/EarthScope TopCon GPS instruments 
Appendix G: PBO staffing levels from 2003-2013 
Appendix H: SAFOD SES committee report on DIP 
Appendix I: SAFOD sample distribution from during O&M Phase I 
Appendix J: EarthScope Decade Celebration brochure produced by the ESNO 
Appendix K: Citation report for PBO-related publications 
Appendix L: List of all equipment purchased under PBO/SAFOD CA 
Appendix M: Change Order history during O&M Phase I 
 


