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Introduction
The diffuse plate boundary zone of the western US and Alaska consists of
hundreds of active tectonic elements that collectively accommodate large-scale relative
motions between the North American, Pacific and Juan de Fuca plates (Figure 1). The
major plate-bounding structures include the San Andreas transform and the Alaskan and
Cascadia subduction zones, which accommodate most of the relative plate motion. Each
of these features is a system of faults, each of which either fails in repeated large
earthquakes or creeps aseismically. In addition to these fault systems, areally extensive
structural domains within the North American plate, such as the Basin and Range
province, Rio Grande rift, Rocky Mountains and interior Alaska accommodate up to 30%
of the relative plate motion (Figure 1).
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Figure 1. Tectonic setting of the
Pacific-Juan de Fuca-North
America plate boundary system,
showing major fault systems and
locations of proposed geodetic
instrumentation. Courtesy of
PBO Steering committee.

The life-cycle of an individual fault zone lasts on the order of 1 to 10 Myr, and the
repeat times of major earthquakes (durations of the seismic cycle) are on the order of
hundreds to thousands of years or more. Hence any attempt to understand tectonic
systems must include observations on these time scales. The geodetic component of the
PBO will provide a “backbone” of GPS sites, targeted “clusters” of GPS sites, and
borehole and laser strainmeter arrays that will define the strain field of the upper
continental crust on the decadal timescale, including transient modes of deformation.
The purpose of this white paper is to describe the rationale and methods that will be used
to establish the context of these geologically “instantaneous” observations, by examining
the strain field at longer time scales (Figure 2).
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Figure 2. Proposed observational components of the PBO. Temporal period of observations shown for
GPS, InSAR, borehole strainmeter, paleoseismology and geology. Vertical dashed lines bound the
timescales of the earthquake cycle. Also shown are the age ranges of radiocarbon (14C), luminescence and
cosmogenic nuclide techniques.

This effort is particularly timely because of the development over the last decade
of new imaging and analytical techniques. New hyperspectral landscape imaging
systems, such as ASTER (Advanced Spaceborne Thermal Emission and Reflection) and
Landsat7, will make large-scale, high-resolution tonal images easily accessible to the
entire geological community. New laser ranging systems are able to penetrate the forest
canopy and thereby enable identification of structures that would otherwise remain
unknown over the much of the active plate boundary deformation zone. Analytical
methods, especially the determination of the surface exposure age of most geological
materials using cosmogenic nuclides, have revolutionized our ability to precisely date
geomorphic surfaces (Figure 2).
To solicit community input to the geological component of PBO, a workshop was
held from May 22 to May 25, 2001 at the California Institute of Technology in Pasadena,
which involved about 50 participants from academia, government and industry
(Appendix). At the workshop, breakout groups discussed the natural geologic
subdivisions of the plate boundary system, including the San Andreas transform system,
the Pacific Northwest and Alaskan subduction systems, and intraplate deformation
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systems (Basin and Range, Rio Grande Rift, Rocky Mountains and interior Alaska;
Figure 1). An additional breakout group focused on the application of tectonic
geomorphology to longer-term deformation. All groups were provided with maps of
proposed GPS, borehole strain and laser strainmeter sites produced at the Second Plate
Boundary Observatory Workshop at Palm Springs, California, held October 29 to
November 1, 2000. Each breakout group at the Pasadena meeting was charged with
prioritizing scientific objectives within each region, given the proposed distribution of
PBO instrumentation. After a plenary session where each group presented its scientific
objectives, the groups reassembled to develop a consensus on the data required to meet
these objectives, which is presented at the end of this report.

Scientific Rationale
As elaborated in the PBO White Paper (www.ciw.edu/PBO/PBOwhitepaper.pdf),
a large fraction of the deformation within the plate boundary zone occurs by seismic
strain release along relatively large fault segments. Understanding the whole plate
boundary system requires a broad perspective that includes:
• the nature of the seismic cycle on individual fault zones;
• the history of repeated displacements on individual faults (earthquake time series);
• patterns of earthquake time series for systems of faults;
• the history of fault initiation, growth, linkage with other faults, and cessation of slip;
and
• the magnitude and rate of aseismic and off-fault deformation
Strain buildup along faults leading up to an earthquake is generally not recorded
in geologic structure, and is therefore only accessible through geodetic observations.
Geodetic observations of major fault zones to date suggest that strain buildup may be
non-linear between earthquakes, particularly in the interval following the event. Because
the repeat times of earthquakes are generally much longer than instrumental records (100
to 10,000 years, versus 10 to 100 years, respectively), knowledge of the geologic context
of the instrumental records is essential for accurate interpretation of geodetic data. For
example, if post-seismic transient behavior occurs over an interval that is large relative to
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the instrumental records, then near-field strain buildup across faults measured
geodetically would not be expected to match the long-term deformation rate (Figure 3).

Figure 3. Diagram showing relationship between geodetic and geologic strain rates for hypothetical nonlinear interseismic strain accumulation.

The history of earthquakes for individual faults is generally not well known for
most faults along the plate boundary system. A major question arises as to whether the
repeat times are quasi-periodic (strongly unimodal distribution of repeat times) or more
complex, including a tendency toward temporal clustering (Figure 4) or toward nearrandom repeat times. Each of these potential behaviors has major implications for our
ability to forecast earthquakes and for the underlying physics of earthquake rupture.
Understanding individual faults will likely not provide a complete understanding
of plate boundary behavior, because faults within the system physically interact with each
other. The changes in stress in the crust due to an earthquake on one fault are large
enough to affect the state of stress on adjacent faults, triggering additional earthquakes.
For example, the sequence of earthquakes on the North Anatolian fault zone over the last
century generally occurred from east to west, suggesting that the stress changes from
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each earthquake influenced the position and timing of the succeeding event. Similarly,
the frequent occurrence of earthquakes of nearly equal magnitude in clusters (e.g., the
1954 Fairview Peak-Dixie Valley, the 1987 Superstition Hills, and the 1992 Landers
earthquake sequences) suggests triggering of later events by the earlier ones.
Consequently, searching for patterns of recurrence on systems of faults is an exciting
frontier.

Figure 4. Strain release
models for earthquakes on a
single fault zone. (a)
Perfectly periodic model; (b)
time-predictable model (size
of the last earthquake
predicts the time of the next
earthquake); (c) slippredictable model (time since
the last earthquake predicts
the size of the next
earthquake; and (d) clustered
strain release and uniform,
low strain accumulation.
Courtesy of A. Friedrich and
colleagues.

For any given system, one could envisage patterns whereby (1) recurrence is localized
along a single fault while the rest are dormant (spatial clustering, Figure 5a); (2)
earthquakes are distributed evenly among all faults but occur over a narrow time interval
(temporal clusters, Figure 5b); (3) earthquakes occur in a time-transgressive fashion
(trend, Figure 5c); or (4) they occur with no discernible pattern (random, Figure 5d).
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Figure 5. Space-time patterns of strain release in a hypothetical plate boundary fault system with
total horizontal displacement rate of 2 mm/yr, 2 m of horizontal slip per event, and a long-term average of
0.25 mm/yr displacement on each fault. Courtesy of B. Wernicke and colleagues.

The coordination of geodetic and geologic observations is also critical to the
success of PBO because the rates of motion may be strongly dependent on the timescale
of observation in ways even more complex than depicted in Figure 3, including
differences in rates measured at geologic time scales (Figures 6).

Figure 6. Potential variations of deformation rates as a function of timescale. Courtesy of A. Friedrich
and colleagues).
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Although many possibilities exist, a general pattern of rate variations might
include: (1) changes in geologic rates on the million-year timescale due to changes in
plate boundary forces or other longer term changes (Figure 7a, m4 versus m1); (2)
clustering of events, detected by differences in the short-term versus long-term geologic
rates (m2 versus m1, Figure 7b), perhaps due to propagation and linkage among faults; or
(3) short-term transients during the seismic cycle that would be detected by differences in
geodetic rates and short-term geologic rates (e.g., Figure 7c, m3 and m1, respectively).
The traces of active faults that we recognize today represent only a cryptic snapshot of the history of faulting in a region. Any given fault can be thought of as either an
isolated structure or in relation to other nearby faults. As individual structures, faults
have a life cycle, whereby they initiate, propagate, accumulate displacement, and
eventually die. Because accommodation of regional stresses drives this life cycle, the
interactions among nearby faults becomes an important control on fault growth and
seismic potential. For example, as some faults link together, they become more efficient
in accommodating regional stresses, and as a consequence, other faults die (Figure 8).
Documenting modern and past interactions among faults and quantifying the history of
displacement in both the temporal and spatial domains is a critical component of
understanding the evolution of the plate boundary.
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Figure 7. The significance of geologic and geodetic measurements for typical intracontinental faults on
(A) the 106-year, (B) the 104-year and (C) 102-year timescale. The black dashed line represents the motion
across a fault measurable by geodetic methods at present day, and the motion that would have been
measured in the past. From A. Friedrich et al., Journal of Geophysical Research, in press.

The traces of active faults that we recognize today represent only a cryptic snapshot of the history of faulting in a region. Any given fault can be thought of as either an
isolated structure or in relation to other nearby faults. As individual structures, faults
have a life cycle, whereby they initiate, propagate, accumulate displacement, and
eventually die. Because accommodation of regional stresses drives this life cycle, the
interactions among nearby faults becomes an important control on fault growth and
seismic potential. For example, as some faults link together, they become more efficient
in accommodating regional stresses, and as a consequence, other faults die (Figure 8).
Documenting modern and past interactions among faults and quantifying the history of
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displacement in both the temporal and spatial domains is a critical component of
understanding the evolution of the plate boundary.

Figure 8. Example of the “life cycle” of
a fault and its dependence of
surrounding faults. A. Initiation of the
faults begins as a suite of randomly
spaced structures (red lines) that
propagate laterally as they accumulate
displacement. B. As propagation
continues (marked by blue fault segments
and adjacent arrows), parts of the faults
begin to overlap. C Ultimately, some
faults will link together, creating
through-going,more rapidly straining
zones on which displacement can be
efficiently accumulated. This causes
other nearby fault segments to "die" as
displacement is largely transferred to the
linked fault which then absorbs most of
the strain in that transect. Courtesy of
D. Burbank.

Some dip-slip faults, including many reverse faults, fail to rupture the Earth’s surface;
instead slip dies toward the tip of the fault. Such displacement gradients cause folding of
the overlying rock (Figure 9). Most of the recent destructive (e.g. Northridge) or large
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Figure 9. Oblique block diagram of Wheeler Ridge, a growing anticline in the southern San Joaquin
valley, CA. Folding is driven by a “wedge thrust” that represents a blind thrust fault. The small thrust fault
that does cut up to the surface only accounts for a few percent of the shortening and has little seismological
significance in comparison to the underlying wedge thrust. Warped geomorphic surfaces and syntectonic
“growth” strata on the flanks of the fold record the deformational history of this fold at time scales ranging
from 103-105 years. Courtesy of S. Miller.

(Nisqually) earthquakes in urban areas of the plate boundary have occurred along such
“blind” thrust faults. Geodetic data will define decadal patterns of both horizontal and
vertical deformation above such faults. Such geodetic strain geometries could result from
several different behaviors on the blind fault, including 1) aseismic slip that diminishes
toward the fault tip; 2) elastic (recoverable) folding due to deformation above a locked
fault zone; 3) inelastic (nonrecoverable) folding of the overlying rocks; or 4) some
combination of all three modes of behavior. The geologic record of deformation can
serve to distinguish among these possibilities and will be critical to a full understanding
of the plate boundary deformation system and the seismic hazards it poses.

Proposed Research Targets and Methods
Geologic studies contribute to understanding the plate boundary deformation
system by determining:
• locations of active structures (faults, folds)
• structural style (folding, thrusting, normal faulting, strike-slip faulting)
• time-averaged deformation rates at multiple scales
• time series of earthquakes on surface ruptures (recurrence and slip-per-event)
• patterns of strain release on multiple structures
Naturally, for any given area of PBO instrumental deployments, the emphasis of
geologic research, and therefore the scientific approaches and tools necessary, may be
quite different. Below, we provide recent case histories that illustrate how new imaging
and analytical techniques are being applied, which we use as a basis for proposing a
coordinated effort. As these examples show, the new methods have been applied in a
piecemeal fashion to different plate boundaries around the world. Workshop participants
were enthusiastic about systematically applying them to a single plate boundary. A
PBO Geology White Paper/Page 12

successful outcome of PBO geologic research would therefore include placing
quantitative limits on the spatial and temporal character of active tectonic features,
wherever PBO instrumentation is deployed.
Location and characterization of active structures. The quantitative
characterization of active structures depends primarily on high-precision images of the
earth, especially topographic data with cm- to m-scale vertical resolution. Thus despite a
long history of investigation, a significant fraction of active structures within the plate
boundary deformation zone have not yet been identified or precisely located. Even for
those structures that have been identified, little systematic effort has been invested in
quantitative analysis of offset features (e.g., fan surfaces, river terraces) in order to
deduce slip rates. This is particularly true for offset features whose ages are beyond the
range of dating by 14C, or about 40,000 years. Conventional methods of identifying
structures have involved field mapping, including painstaking topographic mapping, in
conjunction with optical imaging techniques, such as aerial photography (especially lowsun-angle photography).
The advent of multispectral airborne and spaceborne cameras have made available
a number of image types, such as Landsat, SPOT, and ASTER that cover large areas at
relatively fine horizontal resolution (10 m to 30 m horizontal posting) and that have been
extremely useful in identifying active structures. In addition, Light Detection and
Ranging (LIDAR) techniques, also known as Airborne Laser Swath Mapping (ALSM),
have recently become commercially available. LIDAR/ALSM is the first practical
system for producing high-resolution images of the earth’s surface in areas covered by a
thick canopy of vegetation. Because the relief created by the latest movements on active
structures is only a small fraction of the thickness of a forest canopy (of order meters
versus tens of meters, respectively), it can be very difficult to detect by conventional
methods. In addition to this capability, LIDAR/ALSM may also be used to produce highresolution (25 cm) digital topographic data, which are essential for any quantitative
analysis of active structures.
The capabilities of LIDAR to image structures under a forest canopy are
illustrated by the Seattle fault system in the Puget Lowlands. Although this fault’s
location and whether or not it ruptured the surface were unknown, the Seattle fault has
long been inferred to be an active east-west striking system of thrust faults on the basis of
uplifted marine terraces, seismicity, and other geophysical data. More recently, LIDAR
imagery was acquired along one strand of the system (Figure 10), revealing its precise
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Figure 10. a) Conventional
air photo of the southern part
of Bainbridge Island; b)
LIDAR “bald earth” image
of the same area, showing
prominent glacial striations
(north-south fabric) and a
splay of the Seattle fault
system (prominent east-west
scar along northern part of
image). Courtesy of S.
Johnson, U.S. Geological
Survey, Denver.

location with striking clarity. The image is so detailed in comparison with conventional
imaging techniques that it could be used to identify optimal locations along the fault trace
for paleoseismic investigations.
The Seattle fault was imaged with LIDAR because it poses a threat to a heavily
populated area. Much of the plate boundary zone in western North America, especially
northern California, the Pacific Northwest and Alaska, is less densely populated and is
covered with thick forest canopy. Targeted studies using at first optical and multispectral
images in these regions, followed by ALSM, will likely lead to a vastly improved
understanding of the overall active tectonic setting, including the discovery of unknown
active structures.
Even where structures are well known, knowledge of lateral variations in
displacement along faults is commonly sparse. Yet, the topography of offset geomorphic
surfaces can often be used to define such gradients with high precision. Throughout of
the plate-boundary zone, geomorphic systems have responded to climatic changes that
have modulated deposition and erosion during the past few million years. These
interactions have left a distinct imprint on the landscape, most clearly seen in fluvial
terraces or alluvial fans that represent brief pulses of erosion or deposition. Many such
features are still well preserved, thereby creating ideal “markers” with which to track
deformation through many earthquake cycles. Because offsets of these surfaces can often
PBO Geology White Paper/Page 14

be readily recognized, such displacements can be used to define highly complex
structural geometries (Figure 11). High-resolution digital topographic data, such as that

.
Figure 11. Low sun-angle, oblique aerial photograph of the Wildrose graben in Panamint Valley,
California. Although the graben is riddled by dozens of normal faults (red lines), both the location and the
magnitude of displacement on these faults can be determined readily because the faults offset well defined
alluvial surfaces. High-resolution topography of similar landscapes would permit rapid determination of
lateral variations in displacement and would provide critical insights on how these faults have propagated,
interacted, and linked together in order to accommodate the extension across the graben. Courtesy of D.
Burbank.

attainable with ALSM, provide an invaluable tool for quantifying these deformational
patterns.
As an example of the capabilities of ALSM to produce high-resolution digital
topography, the 1999 M7.1 Hector Mine surface rupture in the Mojave Desert region of
southern California was mapped using a laser ranging system mounted aboard a
helicopter, with high-precision navigation provided by nearby continuous GPS sites. The
laser and navigation data were combined to produce topographic maps of the rupture at
1:1000 scale with a 25 cm contour interval (Figure 12). Topographic data of this quality
for the whole rupture would have taken many years to obtain using conventional groundsurveying or standard photogrammetric techniques, which have traditionally occupied a
large fraction of the effort in investigations of active tectonic structures.
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Figure 12. Detailed
topographic map along a
segment of the 1999 Hector
Mine earthquake rupture.
Offset ridges and gullies are
clearly evident, as is the
hillside bench cut by the main
fault trace. Contour interval
is 25 cm; thick lines at 2-m
intervals. Courtesy of K.
Hudnut and colleagues.

Laser swath mapping of major structures along the plate boundary would
therefore make high-resolution topography available to the whole community,
eliminating the need for one of the most time-consuming and laborious aspects of active
tectonic studies. These data are sufficiently accurate to conduct quantitative studies of
scarp profiles and river terrace offsets, which normally require weeks of tedious field
work using conventional surveying techniques. Such data, in conjunction with a database
that included smaller-scale hyperspectral and conventional aerial photography, will
enable investigators to carefully and efficiently target and analyze key study areas prior
to going into the field.
Deformation rates on active structures. The time-averaged deformation rate of
any geologic structure is based on measuring the offset of initially undeformed, well
dated markers. For active structures, these markers are usually geomorphic surfaces
whose ages are in the range of thousands to hundreds of thousands of years. Although
the extremes of this range are accessible by conventional dating techniques (14C up to
~40,000 yrs, 40K down to ~10,000 yrs), the geologic materials required for these methods
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are generally difficult to find on geomorphic surfaces. The advent of cosmogenic nuclide
dating, which measures the time at which geologic materials become exposed at the
earth’s surface, has made it possible to determine precise ages of most geomorphic
surfaces. The production of cosmogenic nuclides occurs in most common rock types, so
virtually any geomorphic surface mantled with gravelly deposits between a few thousand
up to several hundred thousand years old (depending on the isotope measured) may be
dated. These techniques, which are currently under rapid development, constitute a
major breakthrough in the study of active plate boundary structures.
A recent study of five river terraces deformed by thrusting in central Asia shows
how multiple cosmogenic isotopes can be applied to the same set of surfaces to provide a
reliable, precise chronology. On these terraces, the production of 10Be, Al26, and 21Ne all
occurred by different nuclear reactions, yet the ages generally agree for each surface,
showing that the faulted terraces were abandoned at about 160, 110, 80, 40 and 12 ka,
and implying a deformation rate of the riverbed of 0.35 mm/yr (Figure 13). Strikingly,
this rate is nearly 10 times slower than previously inferred rates that were estimated
without good age control.

Figure 13. Cosmogenic nuclide
ages as a function of vertical
offset of five river terraces in
central Asia, showing the
agreement of ages using different
nuclides (courtesy of R. Hetzel et
al., in press, Nature).

Although the timing of past ruptures within the plate boundary zone has been
intensively studied along some major faults, such as the San Andreas, only a handful of
reliable slip-rate estimates exist, largely due to the commonly encountered difficulties in
dating offset geomorphic features. The advent of cosmogenic exposure dating has
permitted the requisite age control to be extended both farther back in time and to
geomorphic features, such as bouldery surfaces, that were previously considered
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“undatable.” Rapid progress in defining geologic rates of deformation should now be
possible by combining the recognition of features that have been displaced many meters
with the ability to date those features. One such study on an alluvial fan that had been
offset ~700 m along the San Andreas fault yielded a slip rate of 22.5 mm/yr since 31 ka
(Figure 14). It is noteworthy that, even though this is a very well studied fault in an arid,
relatively populated region, its slip history has only recently begun to be understood at
these time scales. The offset fan recognized here is just one example of many such
features along faults like the San Andreas that could ultimately yield detailed information
about how rates vary as a function of position along the fault, and as a function of the
time interval considered.

Figure 14. Tectonic features
and cosmogenic ages associated
with an alluvial fan offset on the
San Andreas fault at Biskra
Palms, north of Palm Springs,
California. A. Tectonic
interpretation of the SPOT
image at the junction of the
Mission Creek and Banning
faults, showing offset of the
alluvial fan is ~700 m; B. 10Be
surface exposure ages of
samples from four terraces T1
to T4, projected onto a northsouth section perpendicular to
the fault. The average age of
T2, ~31 ka, and the 700 m offset
yield a long-term slip rate of
~22.5 mm/yr. Courtesy of F.
Ryerson, Y. Klinger and J. Van
der Woerd

.

Earthquake time series. Perhaps the most important single contribution of geology to
understanding the physics of the earthquake cycle is determination of the time and size of
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pre-historic earthquakes. For major plate boundary faults (e.g. the San Andreas fault) it
has been possible to determine the time at which as many as the last 10 earthquakes
occurred. In most cases, paleoseismic investigations are able to determine the time since
the most recent earthquake, and in many cases the time and amount of offset of the
penultimate event. These investigations have seen increasing use of cosmogenic nuclide
age determinations to expand paleoseismic histories well beyond those traditionally
investigated using radiocarbon dating. Although there is a 20-year history of detailed
paleoseismic analysis of key fault zones in urban areas, the seismic history of the great
majority of faults that will be studied geodetically by PBO is unknown, even within
heavily populated areas. For example, the Sierra Madre Fault zone in southern California
lies along the northern boundary of the Los Angeles metropolitan region. The fault zone
has only recently been investigated using paleoseismic techniques. A cross section of the
fault zone (Figure 15) shows that two events occurred in the last 10,000 years, and that

Figure 15. Sierra Madre fault, Metropolitan Los Angeles. A. Cross-section of trench wall exposure
showing fault traces and stratigraphic units. B. Restoration from the most recent earthquake yields a
minimum slip of 3.8 to 4.0 m. C. Restoration of slip from the last two earthquakes showing a minimum of
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~ 10 m. Here, the upper plate is restored to below the Bt horizon and the buried paleosurface surface is
matched to the topographic profile of the fault scarp. Courtesy of C. Rubin et al., Science.

the net slip for the most recent and penultimate events was approximately 5 meters each.
Among the most intensively studied faults using paleoseismic techniques is the
Wasatch fault zone in Utah. The seismic history of the Salt Lake segment includes the
times and the amounts of vertical offset of the last seven events. These results indicate a
marked increase in the rate of seismic strain release since 9 ka (Figure 16a). For the
interval 26 to 9 ka, there was only one event with about 3 m of net vertical displacement.
From 9 ka to the present, there have been six events totaling more than 15 m of net
vertical displacement. Because the long-term rate (since ~250 ka) is much slower than
the Holocene rate, these six events appear to represent strongly clustered strain release on
the Salt Lake segment.

Figure 16. A. Holocene/Latest
Pleistocene vertical displacement
history of the Salt Lake segment
of the Wasatch fault, based on
published paleoseismic data. B.
Earthquake time series of six
segments of the Wasatch fault
zone, showing relationship of last
four ruptures on the Salt Lake
segment (events Z, Y, X and W)
relative to other segments.
Courtesy of A. Friedrich, M.
Machette and colleagues.
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The major subduction zones that border the northern 75% of the plate boundary
are capable of rupturing in massive earthquakes (e.g., the 1964 M9.2 Alaska earthquake).
Because these “blind” faults (including those commonly delineating the subduction
boundary) do not rupture the surface, neither the magnitude nor age of past coseismic
offsets along these faults can be directly measured. Nonetheless, the entire seismic cycle
drives patterns of slow, sustained, interseismic uplift or subsidence, followed by abrupt,
coseismic motion of the opposite sense. In sites where deposition is sensitive to subtle
changes in the height of the land surface (e.g. nearshore environments), the seismic cycle
of subduction zone earthquakes can be faithfully recorded. Over the past decade, detailed
studies of coastal sedimentary sequences above the Cascadian subduction zone (Figure
17) have provided clear evidence for past ruptures on this deeply buried fault. Highprecision radiocarbon dating of drowned trees and buried organic matter has yielded a
time-series of pre-historic events and permitted correlation along the Pacific Northwest
coast in order to estimate the length of past ruptures.
Figure 17. Stratigraphy and
chronology of deformation
along the Washington coast
due to Cascadian subductionzone earthquakes. A.
Schematic stratigraphy of
buried soils and associated
plants in saltwater tide flats
and spruce swamps. Abrupt
drowning of trees and burial
of grasses in growth position
result from co-seismic
submergence and an
accompanying tsunami. B.
Schematic chronology of
development of buried soils
and drowned forests in
response to subduction-zone
earthquakes along the
Washington coast. Courtesy
of B. Atwater and colleagues.

As mentioned earlier, the lack of dateable material on surfaces in arid regions was
a major limitation in previous paleoseismic studies. As with measurements of timeaveraged deformation rates, new techniques, including both cosmogenic nuclide dating
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and optically stimulated luminescence dating (OSL), have revolutionized paleoseismic
research. For the first time, it is practical to investigate the seismic history of almost any
significant rupture within the plate boundary zone.
Patterns of strain release on multiple structures. Once deformation patterns
and seismic histories are delimited for individual faults, the more interesting question of
how these histories are related among multiple faults may be addressed. For example, the
Salt Lake segment is only one of seven major segments of the Wasatch fault zone, each
of which has a unique rupture history (Figure 16b). The combined set of rupture histories
shows that several segments ruptured between ~2 to 3 ka (an apparent “temporal cluster”
as in Figure 5b), but that there may be a more complex pattern (Figure 5d) prior to 3 ka.
Another example of these studies is the system of right-lateral strike-slip faults
constituting the eastern California shear zone in southern California (Figure 18). The two
largest earthquakes in the conterminous U.S. in the last 50 years both occurred on fault
segments within this system (the 1992 Landers and 1999 Hector Mine earthquakes).
Detailed paleoseismic investigations indicate that the recurrence intervals for these faults
range from 5 to 10 kyr, an order of magnitude greater than that of the nearby San
Andreas. Compilation of these results shows that seismic strain release for the system as
a whole is strongly clustered, with large pulses over the last decade, at about 5 ka and at
about 10 ka. These studies also point out disagreements between geologic and geodetic
estimates of strain release. Geologically, the fault slip rates sum to about 5 mm/yr, but
the current geodetic rate is about a factor of two higher.
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Figure 18. Strain release history of strike-slip faults in the eastern California shear zone showing peaks
near 5 and 8 Ma. Moment scales to the area under the curve, which is a probability function representing
error in age assessment for each event. The uppermost curve is the sum of moments for all events. ML,
Mesquite Lake fault; ML&B, Mesquite Lake and Bullion fault; L&OWSF, Lenwood and Old Woman
Springs fault; HF, Helendale fault; nJVF, northern Johnson Valley fault; sJVF & KF, southern Johnson
Valley and Kickapoo faults; HVF, Homestead Valley fault; nEmerson F and sEmerson F, the northern and
southern Emerson faults, respectively; and CRF, Camp Rock fault. Courtesy of T. Rockwell and C. Rubin.

The faults in the eastern California shear zone study were almost exclusively
strike-slip faults. When trying to delineate patterns of strain release on multiple dip-slip
faults, it is possible to exploit an additional aspect of vertically offset geomorphic
surfaces. Many of these surfaces are isochronous because they form in response to
relatively rapid changes in climate that occur over large regions. Therefore it is not
necessary to date every surface in order to determine rates of fault slip. Instead, we
envisage establishing well defined chronologies of surface development over broad
regions, and in most instances using these patterns, rather than a large number of
independently ages on every surface, to determine the magnitude of surface offsets.
These examples demonstrate that closely coordinated geomorphic,
geochronologic, paleoseismic and geodetic observations will for the first time reveal
active tectonic processes across the full temporal spectrum of the earthquake cycle, for an
entire plate boundary tectonic system. Earthquake clustering, fault interaction,
interseismic transients, “off-fault” deformation and other, unexplored processes will
ultimately form the basis of the new generation of theoretical treatments of plate
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boundary behavior, as described in the PBO White Paper. Given the remarkable strides
recently in our ability to model these complex systems, it is especially timely to provide
as complete a description as possible of active plate boundary phenomena. Below, we
summarize the specific requirements, in terms of focus areas and the types of data needed
to meet this objective.

Data Acquisition, Infrastructural and PI Support
Although a great variety of science and opinions about methods and spatial
coverage were discussed at the workshop, the group reached consensus as to the content
of the program in three broad areas. These include establishment of a national center for
the storage and retrieval of digital imagery (both tonal and topographic), and outlines of
the scope of imagery acquisition and geochronological facilites in support of these
investigations.
Digitial archive and user interface. Based on detailed presentations on airborne
imaging technologies, the group concluded that the geology portion of the NSF MRE
budget should be used to acquire 10- to 30-m multispectral imagery (SPOT, Landsat7,
ASTER) for most of the plate boundary tectonic system, and to develop and maintain a
user interface such that the community can easily access this data. In addition, this
facility would archive and make publicly available detailed topographic data acquired
using ALSM and other methods. The estimated cost for this activity would be $2.0 M to
develop the user interface, and $1.5 M to acquire a community database of ASTER,
Landsat, and SPOT imagery for the entire plate boundary region.
Data acquisition and technique development. It was agreed that the program
should focus first on topographic imaging of the areas most likely to provide interesting
long-term comparisons (timescales of order 10’s to 100’s of kyr) with geodetic data.
Most prominent among these is the San Andreas fault, where as described above there
has been scant attention to slip rates. There are a large number of offset features along
the fault that simply haven't been identified because dating of surfaces in this age range
was not possible until very recently (e.g., Figure 14). A general reconnaissance using
precise navigation and airborne laser swath mapping to produce high-resolution
topography and regional multispectral data is required. Our experience with detailed
topographic data acquisition (for example, the Hector Mine surface rupture, Figure 12)
has demonstrated that the application of this technology to tectonic problems is still in its
infancy, and cannot simply be subcontracted to commercial firms. The program will
therefore require an intensive effort throughout the project to develop new ways to plan,
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acquire, process and interpret the digital imagery. To accomplish this, acquisition must
be under the direct supervision of a PI, dedicated to the development of methods that
optimize the utility of digital imagery for the study of the plate boundary system. In
addition to the San Andreas, three other focus areas include (1) shorelines and marine
terraces along the Cascadia subduction zone; (2) inland structures along the Interstate 5
(Puget Sound, Willamette Valley) corridor in the Pacific Northwest, and (3) intraplate
structures, in coordination with a dense geodetic transect, along the Interstate 80 corridor
(lat. 40°N to 41°N) of the Basin and Range province. These projects would total 4000
linear kilometers of data. Workshop participants estimated an additional 15,000 linear
kilometers of data would be necessary to ultimately cover the remainder of the plate
boundary deformation system. Although the acquisition costs of these data are an
evolving issue, our current best estimate, based on experience with PIs working with
commercial contractors, is that acquisition of topographic data will be in the $1000 per
linear kilometer range, varying somewhat as a function of the level of resolution required.
Thus, we anticipate an acquisition budget for these data in the $20 M range.
Geochronology centers. A second area of consensus from the workshop is that
the community would like to see a throughput of as many as 2,000 samples per year for
cosmogenic nuclide and radiocarbon dating. Existing analytical infrastructure includes
accelerator mass spectrometry (AMS) facilities and sample preparation facilities.
Existing AMS facilities are adequate handle this load assuming the facilities remain open.
However, sample processing, which involves wet chemical facilities, will be a significant
bottleneck for any program at this level. A small number of regional processing centers
are needed. These facilities would include a staff of experts charged with both sample
preparation and advising investigators on sampling strategy, including field visits. The
cost of these processing facilities is estimated to be about $0.5 M to set up. Annual costs
for processing and analysis would be about $1.3 M/yr for 2,000 samples.
Estimated budget. Given the breadth and scope of these requirements, it is clear
that no single agency would be able to fully support the proposed program. Therefore, in
consultation with program managers at the NSF, NASA and the USGS, recognizing the
modes of research that are commonly supported by these agencies, we have crafted a
general interagency budget for a five-year program. The core of the program would be
the digital image archive and user interface, and the geochronology centers, supported
with the NSF MRE budget. We envisage on the order of 30 to 40 PIs funded by the
program who would compete for programmatic support by submitting proposals to NSF
and to NEHRP (National Earthquake Hazards Reduction Program). Because a large part
of our activities involve special airborne and spaceborne imaging and precise navigation,
support for acquisition of new topographic and tonal data would most appropriately come
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from NASA. Programmatic PI support within the NASA budget reflects the need for
technique development. The NSF and NEHRP proposals would therefore be closely
coordinated with the NASA program, in a way loosely analogous to the allocation of ship
time or telescope time. In light of these considerations, we propose a coordinated,
interagency program as outlined in Table 1.
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Table 1. PBO Geology Program, Five-Year Interagency Budget
FY:

‘03

‘04

‘05

‘06

‘07

NSF, MRE account ($5.0M):
User interface for community
tonal, topographic data
Acquisition of tonal data
Establishment of 3 dating centers

1.0

1.0

0

0

0

0.5
1.5

0.5
0

0.5
0

0
0

0
0

Subtotals

3.0

1.5

0.5

0

0

NSF, EAR Programmatic Support ($17.0M)
Salaries, field expenses, 20 PIs
Dating center support

2.0
1.3

2.0
1.3

2.1
1.3

2.1
1.4

2.1
1.4

Subtotals

3.3

3.3

3.4

3.5

3.5

NASA Solid Earth and Natural Hazards Program ($23.7M)
Acquisition of 19,000 km ALSM
3.8
3.8
Salaries, acquisition support, 10 PIs
1.0
1.0

3.9
1.0

4.0
1.1

4.0
1.1

Subtotals

4.8

4.8

4.9

5.1

5.1

US Geological Survey, NEHRP ($6.3M)
Salaries, field expenses, 20 PIs

2.0

2.0

2.1

2.1

2.1

Annual totals

13.1

11.6

10.9

10.7

10.7

Grand Total

$57.0M
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