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Abstract. We developed a block model of active faults in the western United States
(WUS) in support of the 2014 National Seismic Hazards Mapping Project (NSHMP14).
The block model used source faults of NSHMP14 as block boundaries as much as
reasonably possible with the aim of estimating slip rates on those faults. GPS-derived
horizontal velocity data were compiled from seven regional solutions and rotated into a
common North American reference frame. The GPS velocities were edited to remove

outliers and a correction was made to account for elastic strain rates caused by locking on

the Cascadia subduction zone. The GPS velocity field was used by the researchers to



assess and if necessary modify fault slip rates used in NSHMP14. Block models resulted
in generally faster fault slip rates than adopted for NSHMP14.

Introduction

Block models of crustal deformation allow analysis and simultaneous interpretation of
multiple types of data that relate to motions of the crust and slip rates on faults. The
models are based on plate tectonic formulations, largely that crustal blocks, like tectonic
plates, rotate about Euler poles. In addition, the block models can account for elastic
strain rates that occur near faults due to friction on them and distributed strain rates that
result from slip on multiple, closely-spaced faults. Elastic strain rate corrections are
needed to interpret decade-scale GPS velocity data in terms of longer-term fault motions.
This chapter reports on the development of the WUS block model WUSS5 used to
interpret GPS velocity data in the context of fault slip rates used in NSHMP14.

Block model WUS5
We developed a block model, called WUSS, that includes 70 blocks in the WUS (fig. A-

1). To maintain continuity with UCERF-3, this model also includes the blocks in
California used in the UCERF-3 average block model (ABM) but the number of fault
segments was decreased for simplicity. In WUSS5, the block boundaries outside California
were greatly modified from those used in UCERF-3.

[Figure A-1]

The initial block model was adapted from those of McCaffrey (2005) and Meade and
Hager (2005) for California, McCaffrey and others (2007) for the Pacific Northwest,
Payne and others (2008; 2012) for the Wasatch and Snake River Plain region, Hammond
and others (2011) for the Walker Lane area, and Kreemer and others (2010) for the
southern Great Basin. The initial model was modified to connect the separate regions and
to follow more closely the set of NSHMP14 target faults (fig. A-2). The block boundaries
include most NSHMP14 faults with slip rates of greater than 1 mm/yr. Other
modifications were to break up the original long thin blocks, whose motions are difficult
to resolve, into smaller entities. Block boundaries were used to separate regions of

differing strain rates even though we did not always believe the boundaries themselves



are areas of significant slip; in this case some models included estimates of the off-fault
strain rates, which are not considered in NSHMP14.,

[Figure A-2.]

In many regions the GPS data cannot distinguish between slip on multiple, closely-
spaced individual faults and more uniformly distributed strain rates. For example, as
Payne and others (2012) show, the CTBt block, north of the Snake River Plain, could be
subdivided along known faults (Lemhi, Beaverhead, Lost River, etc.) but in doing so the
fit to the GPS data does not change. Hence the GPS velocities do not provide additional
information on the slip rates of these faults. There are many similar examples throughout
the western US, most notably Nevada Basin and Range where we assigned block
boundaries based on perceived spatial changes in strain rates, but without expectation to

constrain slip rates on them.

GPS Data

GPS velocities were compiled from seven velocity fields, listed in table A-1 and shown
in figure A-3a. Some of the velocity fields encompassed the entire boundary while others

were more regional in scale.

Table A-1. Velocity fields used and rotation into North America reference frame.

Field GPS Long. Lat. Omega | Reference

PNW 696 282.1 24.9 0.022 | McCaffrey and others
(2013)

CMM4 551 285.3 35.3 0.020 | Shen and others (2011)

PBO 942 331.0 -40.0 0.014 | PBO 2011.08.01

UNR 219 273.9 -2.9 0.184 | Hammond and others
(2011)

PANGA 308 299.6 43.0 0.023 | PANGA 2012.03.05

SOPAC 1252 273.5 -4.9 0.185 | SOPAC 2012.07.06

SHEN 1997 69.1 -18.4 0.011 | Z-K Shen, unpublished

GPS is the number of velocities in the solution. Long., Lat., and Omega give the Euler
pole used to rotate the velocity field into the North American reference frame.

[Figure A-3.]

In addition to the GPS velocities, for which we used only the horizontal components in

the block modeling, vertical velocities derived from leveling surveys (Burgette and
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others, 2009) were used to help constrain the locking on the Cascadia subduction fault;
see McCaffrey and others (2013) for details. The vertical rates were not distributed with

the corrected horizontal velocities or used in subsequent modeling.

Reference Frame
Using the block model WUSS5 and the program tdefnode (McCaffrey, 2002; 2009), the

velocity fields were rotated into a common reference frame defined by the North
American (NoAm) block. This is accomplished by rotating each velocity field to
minimize the velocities of the GPS sites on the reference (NoAm) block. For velocity
fields with that have no or few sites on NoAm, the reference frame rotations result from
aligning it with the other velocity fields. To get the rotation of a velocity field (V) relative
to NoAm (N) we solve:

viN = vQp + Q2N (1)
where B represents a block. Since gQy is the same for all velocity fields, vQg is estimated
by minimizing the velocity residuals for velocity field V in the block B. And since vQ is
the same for all blocks, it is estimated by minimizing velocity residuals in all the blocks.
In the inversion, only vQx and g2y are estimated. Using this approach, the velocity fields
do not require common sites and not all need sites on the reference block. Each velocity
field, however, must cover multiple blocks.

Most of the velocity fields used were already close to being in the North American
reference frame and needed only small adjustments, on the order of 1 mm/yr or less to
align with the average field. Two fields (UNR and SOPAC) were initially in a global
(IRTF) reference frame and required adjustments of closer to 15 mm/yr (the adjustments

are by rotations so will vary across the network).

Data editing

After initial runs of the block model, during which the velocity fields were rotated into a
common reference frame, the velocities were edited by visual inspection and by
examining the statistics and misfits. For mature velocity fields, in the absence of co-
seismic signals, the velocities vary spatially in a very smooth manner. Hence, if a single
velocity was very different from nearby velocities in either azimuth or magnitude or both,

we removed it from the data set. In other cases, the deviation of a velocity was not



visually obvious but was statistically different from nearby velocities, and it was
removed.

We also excluded velocities with high uncertainties since they add little information in a
least-squares inversion. The uncertainty cutoffs applied were 0.8 mm/yr for PNW and
UNR fields and 1.0 mm/yr for the others. In addition we applied a ‘floor’ to the
uncertainties in the sense that any formal uncertainty of less than 0.3 mm/yr was set to
0.3 mm/yr. This limitation was aimed to avoid sites with very low uncertainties, some
less than 0.1 mm/yr, from dominating the least-squares solution. It also represents some
expected level of uncertainty among the reference frames. We removed ‘equated’ sites
from some of the solutions; these are nearby sites whose data were combined in the
GAMIT/GLOBK velocity analysis to estimate a single velocity and uncertainty. Sites
within about 30 km of five actively-deforming volcanic regions were also removed (Mt.

St. Helens, Mono Lake, Rainier, Shasta and Sisters).

Cascadia elastic strain rate correction
Locking on the Cascadia subduction zone was estimated by inverting the horizontal GPS

and vertical leveling data (fig. A-4). The details of the procedure are outlined in
McCaffrey and others (2013) but in this application we used all seven velocity fields. The
geometry of the Cascadia plate interface was taken from McCrory and others (2003). The
elastic velocities due to fault locking were calculated using dislocations in an elastic half-
space following Okada (1985) and using the Savage (1983) backslip approach; the
backslip component is -V where ¢ is a locking fraction and V is the relative motion
vector across the fault. The vector V is derived from the blocks’ Euler poles and ¢ is
estimated in the inversion. For this calculation we parameterized the distribution of the
locking fraction ¢ with a defined function describing the change in locking with depth
along profiles down the dip of the slab interface. The parameterization follows Wang and
others (2003); ¢ = 1.0 at depths shallower than the top, z,, of what they call the effective
transition zone (ETZ) and ¢ = 0.0 at depths below the bottom, z; , of the ETZ. Within the
ETZ

¢(z) = [exp(=z’/y ) = exp(—=1/y )J/[1 = exp(=1/y)] ()
where z” = (z — z,) / (z1— z,) and vy is a shape factor. McCaffrey and others (2007)

modified Wang’s representation to allow for a more general case. Equation (2), in
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addition to constraining ¢ to decrease with depth, forces the slope dg/dz to increase or
remain approximately constant with depth (see Wang and others 2003; their figure 8). To
allow the slope to decrease with depth, we use a new parameter, y’, and make the
substitution in (2) of y =y’ when y’ <5, and y =y’ —10 when 5 <y‘ < 10. For values of y’
between 0 and 5, ¢(z) is given by (2) and for y’ between 5 and 10, ¢(z) is (2) reflected
about the ¢ and z axes (McCaffrey and others, 2007; their figure 7a).

[Figure A-4.]

The Cascadia slab interface was divided into 34 profiles starting at the deformation front,
running perpendicular to it and in the down-dip direction. The profiles were then
discretized by node positions in longitude, latitude and depth and the value of ¢ was
estimated at each node (depth) following the function (2). In the inversion, the parameters
v’, z1and z, were estimated for each profile, subject to along-strike smoothing. Smoothing
is applied by using a penalty function to damp the Laplacian of the ¢ distribution
(McCaftrey and others, 2013). The ‘best-fit’ set of parameters was found by minimizing
the sum of the data misfit (reduced chi-square) plus the penalty function.

The model used to estimate Cascadia locking included all the blocks (fig. A-1) while
solving for their angular velocities but not internal strain within them. The motion of the
Juan de Fuca plate (JdFa) was estimated in the inversion using spreading rates at the Juan
de Fuca Ridge (DeMets and others, 2010) and fixing the Pacific — North America pole.
The motion of JdFa relative to the fore-arc blocks give the slip vector V used in the
calculation of elastic strain at the Cascadia subduction zone. Once a best-fit set of
parameters was determined, they were used to solve the forward problem to estimate a
velocity at each GPS site arising from Cascadia locking (fig. A-4). These velocities were
then subtracted from the observed site velocities and 10 percent of the locking velocities

was added to the velocity uncertainties as follows:
Onew = V[ 0ot + (0.10 * Viger)’] (3).

The resulting corrected velocity field is shown in figure A-3b.

Geologic Slip Rates

In block models, geologic data, that is, estimated or observed slip rates on faults by

geologic means, can be used to constrain the motions of blocks in a formal inversion,
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since the fault slip rate is simply the relative motions of the blocks across the boundary.
The WUSS block model does not provide a one-to-one correspondence between
NSHMP14 geologic slip rate estimates and block boundaries (fig. A-2), largely for the
reason noted above, that the block models cannot provide unique information on closely-
spaced faults and therefore not every fault is on a block boundary. Even using strain rates
within the blocks does not permit a unique slip rate estimate on the interior faults. Models
that report slip rates on closely spaced faults are basing those rates on geologic data, not
on GPS.

The source of consensus geologic rates was the 2008 slip rate database with a few
updates (Haller and Wheeler, 2008a, 2008b). For the block models, that include only
horizontal long-term motions, the fault-parallel slip rates were converted to horizontal
(heave) rates assuming the dip angles given in the database. For comparison with the
other model results, the model predicted horizontal rates V}, were converted back to
along-dip slip rates Vs using the same dip angles; V45 = Vy, / cosine (dip). Unfortunately,
most of the fault slip rates were estimated from throw observations with little knowledge
of dip angles, so the horizontal rates used in the block modeling are poorly constrained.
Also available to the modeling were fault slip rates calculated by P. Bird (Appendix C),
using the technique described by Bird (2007), and rates taken from the literature and
listed in McCaffrey and others (2007).

Block model results with tdefnode

The WUSS block model was run using the inversion program tdefinode, which is a
modification of defnode (McCaffrey, 2002, 2009). Two runs were done, one of the entire
WUSS model and another that excluded California (WUS5-noCA; table A-2). As noted
above, the representation of the UCERF-3 block model in California was coarsened, so
the fit to the data was degraded. The reduced chi-square an misfit is large for these
models compared with models of the US Pacific Northwest using a single velocity field

that typically have an less than ~2 (McCaffrey and others, 2013). We attribute this to

the use of multiple velocity fields that estimate velocities and uncertainties in different

ways and to a heterogeneous set of observed fault slip rates.



Table A-2. Model run statistics.

Model GPS/Nrms | SR/Nrms | #Parameters . 2
M

WUS5 12385/3.1 | 1028/4.2 564 10.4

WUS5-noCA | 6821/2.1 424/4.2 353 5.2

GPS and SR give the number of GPS and slip rate observations, respectively. Nrms is the normalized rms
of the misfit to the data type. The reduced chi-square is ..

Slip rates derived from block model
The block model was used by two groups to estimate fault slip rates; McCaffrey (RM)

used tdefnode (McCaffrey 2002; 2009) and Hammond and Bormann (2013; HB) used the
method described in Hammond and others (2011, see also Appendix B). The block
models made estimates for 114 of the 294 faults in the USGS database, including most of
those with published slip rates exceeding 1 mm/yr. The two inversions used the same
block geometry and fault dips and generally the same formulation, but differed in details
of the implementation and the data (Appendix 2). A major difference was the level of
off-fault strain rates allowed within the block. The RM model allowed more strain within
blocks than did HB resulting in faster fault slip rates in the HB model (fig. A-5A). Both
block inversions resulted in generally faster slip rates than in the USGS database (figs. A-
5B and A-5C). This latter result suggests that the GPS velocity fields may be indicating
more total moment in the faults than is implied by the USGS database. This result is
consistent with the Zeng and Shen fault-based inversion (Appendix D) who forced a fit to
the geologic slip rates and estimated much higher off-fault moment rates than the models
that did not (Appendix E) - a full ten times more than the HB model. Hence, there is
information in the geodetic data that is not incorporated into NSHMP 14, which should be
among the targets of research prior to the next NSHMP.

[Figure A-5.]

Internal block strain rates

Along with the rotational components of the blocks, uniform strain rates are estimated for them (fig. A-6).



The horizontal strain rate tensor for a spherical Earth is given by Savage and others (2001) - the east and
north velocities are:

V.(N\,8)=e.R,sin 0, (A-1Ay)+e.R, (0-0,)

V.(N, 8)=e.R.sin B, (A -1, +e.R.(0-6,) 4)

where A is longitude, 0 is co-latitude, R, is the radius of the Earth, e; is the strain rate tensor, and (A,, 6,) is
the centroid of the block. When applied, the three independent components of the symmetric strain rate
tensor, e., e., and e,, are formally estimated in the inversion (McCaffrey, 2005). These terms are intended
to represent deformation due to un-modeled faults within the blocks. In the WUS outside California, the
internal strain rates are generally low, less than 10 nanostrain/year (1 nanostrain/year = 10” year'). The
fastest straining regions are the Yakima fold-thrust belt in Washington and parts of the Basin and Range

(fig. A-6).

[Figure A-6.]

Summary
A working group developed a block model for the WUS to incorporate GPS data into the

assessment of slip rates to be adopted by NSHMP14. The model was run through two
separate codes and predicted slip rates for a subset of the 2014 source faults. The block
models showed considerable scatter in their agreement on slip rates but both were
consistently faster than the adopted consensus geologic rates. The WUS outside
California poses a particular difficulty for geodetic methods to contribute to hazards
assessment due to the low density of GPS stations and low slip rates on faults. Continued
densification of the geodetic networks and longer observation spans, to reduce errors, will

enhance the utility of GPS for earthquake hazards assessment.
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Figure 1. Map of western US showing block boundaries for WUSS5 (red) and California’s
UCERF-3 ABM (blue). Black dots show locations of GPS velocities used. Four-letter
codes are block names.
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Figure 2. Block model boundaries (red lines) and NSHMP source faults. Turquoise are
UCERF-3 faults and blue are ‘non-California’ faults.



Figure 3. Original velocity fields (left) rotated into North America reference frame.
Corrected velocity fields (right) with effects of Cascadia locking removed. Vector colors
correspond to source.
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Figure 4. Corrections to velocity field for locking at the Cascadia subduction zone. Insert
shows locking model; SDR is the slip deficit rate; dots are node positions; black lines are
10-km slab contours and red lines are 10 mm/yr SDR contours. Triangles are locations of
volcanoes.
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Figure 5. Comparison of fault slip rates (total rate) for the McCaffrey and
Hammond/Bormann block models and the USGS adopted rates.
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Figure 6. Strain rates within blocks estimated from GPS data and tdefnode. BR = Basin
and Range; YFTB = Yakima fold-thrust belt. Negative strain rates are contraction;
positive are extension.
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