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c data along fault zones are important aids in the delineation of recently active
breaks. A 15 km-long portion of the south-central San Andreas Fault (SAF) along the southern Cholame
segment contains well preserved tectonic landforms such as benches, troughs, scarps, and aligned ridges that
indicate recurring earthquake slip. Recently acquired LiDAR topographic data along the entire southern SAF
(“B4” project) have shot densities of 3–4 m−2. Computed from the LiDAR returns, Digital Elevation Models
(DEMs) of 0.25 to 0.5 m resolution using local binning with inverse distance weighting and 0.8 m or larger
search radii depict the tectonic landforms at paleoseismic sites well enough to assess them confidently.
Mapping of recently active breaks using a LiDAR-only based approach compares well with aerial
photographic and field based methods. The fault zone varies in width from meters to nearly 1 km and is
comprised of numerous en echelon meter to kilometer-length overlapping sub parallel fault surfaces
bounding differentially moving blocks that elongate parallel to the SAF. The semantic variations of what
constitutes “active” and the importance of secondary traces influence the breadth and complexity of the
resulting fault trace maps.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The south central San Andreas Fault (SAF; Fig. 1) is manifest at the
surface by some of the most well preserved tectonic geomorphology
at 10s to 1000s of meter scale in the world (Fig. 2; e.g., Wallace, 1975;
Wallace and Schulz, 1983; Wallace, 1991). The troughs, ridges, sags,
and offset channels along the zone have developed by the interaction
of repeated slip along subparallel discontinuous roughly co-planar
fault surfaces bounding the elongate blocks of the fault zone and the
fluvial and hillslope processes operating on the surface (over at least
the Holocene; Bryant and Hart, 2007). The features indicate a valuable
record of the structural geology of the upper few kilometers of the
fault zone (e.g., Lawson, 1908; Wallace, 1991; Arrowsmith, 2007) and
of the history of earthquakes that have occurred along it over the last
centuries to millennia (e.g., Grant and Sieh, 1994). These features are
indicative of where the next earthquake is most likely to slip.

Characterizing the tectonic geomorphology of the SAF fault zone is
valuable for numerous reasons. The geometry and motions of the
blocks that comprise the upper few km of the fault zone inform
studies of rupture dynamics, fluid flow along fault zones, fault zone
strength, and evolution of fault zone fabrics (e.g., Scholz, 1991). Using
landforms as markers of the horizontal and vertical motions along and
across the fault zone, coupled with Quaternary geochronology,
provides a measure of the strain release rate at centennial to
rowsmith).
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millennial time scales—a valuable bridge between geologic strain
release rates at million year time scales and the geodetically measured
strain accumulation rates at decadal time scales (e.g., Sieh and Jahns,
1984; Noriega et al., 2006). The meter scale geomorphology of the
fault zone guides siting and interpretation of paleoseismic sites (e.g.,
McCalpin, 1996). Locating the excavations must be done by interpola-
tion between landforms indicative of the active fault location. The
stratigraphy exposed in the trenches is directly related to the site
geomorphology. The map geometry of the fault traces indicates the
distribution of fracturing to be expected in the trench exposures and
whether or not the excavations span the entire fault zone. Information
on the timing and slip per event in earthquakes that comes from
paleoseismic investigations is an essential ingredient in earthquake
rupture forecasts (e.g., 2007 Working Group on California Earthquake
Probabilities, 2008). Finally, delineating sufficiently active and well
defined fault zones is of practical value for anticipating ground rupture
hazard for structures (e.g., Bryant and Hart, 2007).

Airborne Laser Swath Mapping (ALSM) and LiDAR-derived mea-
surements of topography have recently been deployed for the
extensive mapping of fault zone topography at unprecedented detail
and coverage (e.g., Haugerud et al., 2003; Sherrod et al., 2004; Bevis
et al., 2005; Kondo et al., 2008). These data are at the appropriate scale
(meters) and accuracy (decimeters) to provide useful measurements
of the fine features that record repeated earthquakes in the landscape.
Typically, fault zones in the USA are mapped using USGS Quadrangle
topographic maps and 10 or 30 m DEMs (http://seamless.usgs.gov;
Fig. 2) and aerial photography (McCalpin, 1996; Bryant and Hart,
orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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Fig. 1. Active faults of southern California (U.S. Geological Survey and California Geological Survey, 2006), the extent of the B4 San Andreas Fault (SAF) LiDAR data, and the Cholame
study area along the SAF (extent of Fig. 2). LA is the location of Los Angeles, PKF is Parkfield, and CP is the Carrizo Plain.
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2007). While aerial photographs certainly havemeter scale resolution,
and photogrammetry can be used to produce high resolution DEMs,
they are typically only used in a 2-dimensional sense as base maps for
locating fault traces and qualitatively in 3-dimensions for stereo-
scopically aided interpretation.

The recent imaging of the south-central SAF by the B4 project
(Bevis et al., 2005; http://www.earthsciences.osu.edu/b4) provides
many new opportunities to clarify our understanding of its structural
geology, geomorphology, and recent deformation history. Examining
how the new data can be optimally used for mapping recently active
fault breaks, characterizing the setting of paleoseismic sites, and
assessing the differences between fault trace mapping using tradi-
tional (pre-LiDAR) approaches and that done using the LiDAR
topography are the major goals of this paper.

In this paper, we take our knowledge of a portion of the south-
central SAF (southern Cholame segment; Figs. 1 and 2) based on prior
fault trace mapping and paleoseismic work and combine it with
analysis of the new LiDAR topographic data to explore its use in
characterization of the SAF tectonic geomorphology. First, we examine
which processing parameters produce optimal DEMs for characteriz-
ing the tectonic geomorphology. Secondly, we characterize the LY4
paleoseismic site (Stone et al., 2002; Young et al., 2002). Third, we
compare “classic” field and airphoto-based mapping of recently active
fault breaks along the study reach by Vedder and Wallace (1970) with
representative field-based mapping done to prospect for the LY4 site
(Stone et al., 1998; Stone, 1999), and new LiDAR-only mapping by co-
author Zielke. The Cholame section we study presents a range of
features and challenges. Results from this study have potential wide
application to characterization of other faults scanned with LiDAR.

2. Previous tectonic geomorphology and paleoseismology studies

The south-central San Andreas Fault (SAF) comprises the pre-
dominantly seismogenic segments from Parkfield through the
Cholame and Carrizo Plain (Fig. 1). It is notable for being the portion
of the SAF with the largest total Miocene and later offset (~315 km;
e.g. Sims, 1993), for the highest SAF slip rate (~35 mm year−1

measured over the late Holocene; e.g., Sieh and Jahns, 1984), and for
having apparently steady deep slip (below about 12 km) also at about
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35 mm year−1 (Noriega et al., 2006). It is also an iconic portion of the
SAF with the well preserved tectonic geomorphology that indicates its
activity. The troughs, scarps, benches, sags, and ridges that define the
fault zone are readily visible from the air and now in high resolution
LiDAR-derived topography.

Scientific efforts following the 1966 Parkfield earthquake included
detailed mapping of the recently active fault breaks along the south-
central SAF (Ross, 1969; Brown, 1970; Vedder and Wallace, 1970). The
Vedder and Wallace mapping covers the Cholame and Carrizo Plain
sections of the SAF. They noted that the SAF zone showed clear
evidence for repeated recent fault slip (themost recent being the great
1857 earthquake). In addition, they concluded that the fault zone was
comprised of more subparallel, continuous, and longer fault traces
than the sections to the northwest (Brown, 1970) and southeast (Ross,
1969) and suggested that this was largely a result of the better
preservation of the features because of the drier climate, but also
because of possible variation in fault behavior.

Seismogenic strain release varies along the SAF with a transition
from fully creeping north of Parkfield, to decreasing creep and M6
events at Parkfield (Toké and Arrowsmith, 2006), to completely locked
with MN7 earthquakes recurring on 100–200 year time scales in the
Cholame and Carrizo Plain (Grant and Sieh, 1994; Akciz et al., 2009).
Slip in the 1857 earthquake was 1–2 m southeast of Parkfield, 3–5 m
along the Cholame segment (Sieh, 1978; Lienkaemper, 2001; Young
et al., 2002; however, it may have been higher locally, e.g.,
Runnerstrom et al., 2002), and up to 8 m in the Carrizo Plain (Sieh,
1978; Liu-Zeng et al., 2006; Arrowsmith and Zielke, 2008).

Given the historic precedent of the 1857 earthquake and its
foreshocks, a deficit of slip of more than 4 m accumulated since 1857,
and a major gap in paleoseismic sites northwest of their concentration
in the Carrizo Plain, Arrowsmith and M.S. student Elizabeth Zima (neé
Stone; Stone, 1999) and Ph.D. student Jeri Young (Young, 2004)
focused on the southern 15 km of the Cholame segment and
developed a paleoseismic site called LY4 (Fig. 2). Arrowsmith, Stone,
and colleagues originally mapped the recently active faults and
tectonic geomorphology along that reach to identify LY4 (see below
for more discussion of this mapping). The mapping results were
reported in Stone (1999), while the paleoseismic results are in Stone
et al. (2002) and Young et al. (2002). Evidence for at least three
orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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Fig. 2. A) 17 km long section of the SAF along the southern Cholame segment investigated in this study (see Fig. 1 for location; between 33 and 50 km southeast of California State
Highway 46). Strip of the 0.5 m resolution hillshaded DEM from the B4 LiDAR dataset is shown in grey over the 10 m resolution NED (http://seamless.usgs.gov) hillshade in blue. The
discontinuous traces of the SAF and the deflected offset and locally ponded drainages are clear in the LiDAR hillshade. Box shows location of the LY4 site (Figs. 3–6). View directions of
B and C oblique aerial photographs are indicated. B) Oblique aerial photograph towards NE of the LY4 site showing the fault trace (between black triangles) and a dam that was built in
the 1940s. C) Oblique aerial photograph towards ESE over theWhaleback pressure ridge (WB) and the Las Yeguas (LY) drainagewhere it has incised into the uplifting flank of theWB.
A simplified SAF trace is dashed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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earthquakes since about 1030 A.D. including the 1857 event, and 3±
0.5 m of slip in 1857 across a 5 m aperture was exposed in the
numerous excavations at LY4.

3. The B4 southern San Andreas Fault laser scan data set

The southern San Andreas and the San Jacinto Fault zone were
scanned with LiDAR in 2005 (Bevis et al., 2005; http://www.
earthsciences.osu.edu/b4; Fig. 1). The goals of the project were to
gather high precision topographic (and photographic) data to
characterize near fault ground deformation in a future large earth-
quake, to support tectonic and paleoseismic studies, and to further
Please cite this article as: Arrowsmith, J.R., Zielke, O., Tectonic geom
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develop the integrated technologies and protocols (LiDAR, GPS, and
IMU) necessary to routinely collect such research-grade data. An
Optech ALTM 3100 was mounted in a Cessna 310 and flown at about
600 m above ground. The scanner was operated at 70 kHz with a 20°
scan angle. The resulting swaths were about 430 m wide with 15 cm
diameter laser spots. The stated shot spacing per swath was then
0.6 m at nadir and about 1 m at the edge of the swath. Typically, the
plane made five passes to scan a total of 1–1.5 kmwide zone spanning
the SAF. The data were gathered by a team lead by Ohio State
University that included USGS, the National Center for Airborne Laser
Mapping (NCALM), and UNAVCO. The data have been made available
publicly. In particular, the GEON project (http://www.geongrid.org or
orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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http://www.opentopography.org), through the GEON LiDAR Work-
flow (Crosby et al., 2006; Jaeger-Frank et al., 2006), enables the
scientific community access the raw point cloud and to produce
Digital Elevation Models (DEMs) with user-defined resolution and
other processing parameters (see below).

4. Methods and analysis

4.1. Digital Elevation Model preparation

Access to the point cloud from the B4 LiDAR scan permits us to
explore the effect of the method of preparation and resolution of
DEMs on their interpretability for tectonic geomorphology and
earthquake geology studies. The DEM represents topography as
measured by the heterogeneously distributed 3D laser returns as a
two dimensional grid of elevation values spaced at a constant
resolution. Computing the DEM from the scattered data is a
computationally intensive, but relatively straightforward task. Many
algorithms are available for these computations (e.g., El-Sheimy et al.,
2005). Where the resolution is greater than the typical shot spacing,
the DEM preparation method typically used is local binning (e.g.,
El-Sheimy et al., 2005; Kim et al., 2006) in which the value at a DEM
node is a simple function (e.g., maximum, minimum, mean, and
inverse distance weighted—IDW) of the points within a specified
Fig. 3. Effect of search radius on local binning results in DEM production. DEMs of 0.5 m reso
the search radius increases from 0.25 m (A) though 0.5 m (B), 1 m (C), and 2 m (D), the nu
heterogeneous shot count (m−2) of the area (E) results from multiple overlapping swaths fr
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search radius (r). Increasing the search radius ensures that points
will be found (otherwise a null is assigned at the grid node), but
the value will represent a broader area (Fig. 3). Inverse distance
weighting (1/r2) partially overcomes this problem by weighting
nearer points more than farther ones (e.g., El-Sheimy et al., 2005). In
cases where the resolution required is smaller than the shot density,
interpolation is necessary. For this case, the local binning can work
with large enough search radii, but typically methods such as spline,
Kriging, and Triangular Irregular Networks (TINs) are used.

The average shot density at the LY4 study site is about 3.6±1.1 m−2,
ranging from 0 to more than 10 m−2 (Fig. 3E). This is a typical density
for most of the B4 (Carrizo Plain and Salton Sea area as well; although
we have not undertaken a systematic analysis). The density and
qualitative evaluation of resulting DEMs suggests that 0.5 m DEMs are
sufficiently well resolved for the local binning scheme. Four shots per
square meter matches the number of nodes in a 0.5 m DEM. Using the
local binning approach which we implemented including IDW (Kim
et al., 2006) the question becomes, what is the optimal search radius
for the favored IDW method? If there are no laser returns within the
search radius, the DEM node at that location is returned as null (holes
in the images in Fig. 3). As the search radius increases, the number of
nulls goes down rapidly and asymptotically approach some minimum
defined by anomalously large areas of no returns (water—bottom left
of Fig. 3). Somewhere near that “shoulder” is an indicator of the proper
lution are produced using inverse distance weighted local binning (Kim et al., 2006). As
mber of nulls (result from no laser returns in search radius) rapidly decreases (F). The
om repeat overpasses. Box in D shows location of Fig. 4.

orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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Fig. 4. Changing DEM resolution, illumination direction (N45Won left and N45E on right) and gridding algorithms at the LY4 site. A) 0.5 m IDW DEMwith 1 m search radius has few
nulls and is the product we typically analyze. B) 0.25 m IDWDEMwith 0.8 m search radius has some nulls (NE-trending dark lineaments), and depicts the finer features slightly more
clearly than A. See also Fig. 6. C) 0.25 m resolution DEM from ArcGIS spline has distracting artifacts, especially in areas of overlapping swaths. Black, red, and blue lines correspond to
topographic profiles in Fig. 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Detailed topographic profiles from different DEMs (see location in Fig. 4). Each is
from the same location but different data set. The convex upward alluvial fan form is
evident, as is the flat dirt road, but the high frequency roughness shows the various
manifestations of the “corduroy.” Corduroy is highest amplitude in the spline and most
subdued for the coarser resolution 0.5 m DEM.
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search radius. A search radius ~0.8–1m simultaneouslyminimizes the
number of null cells and the search radius (Fig. 3F).

While the argument just presented that 0.5 m DEMs are probably
optimal in terms of resolution, what happens if we go to a finer
resolution such as 0.25 m? File sizes go up by a factor of 4. Fig. 4
presents an exploration of the difference between the reference 0.5 m
with 1 m search radius IDW and finer resolution 0.25 m DEMs
computed with an IDWon a 0.8 m search radius and the default spline
method from ArcGIS (http://www.esri.com/software/arcgis; regular-
ized, weight of 0.1, and number of points is 12).

The spline-based DEM highlights the “corduroy” artifacts common
in many LiDAR studies (Figs. 4 and 5). The repeated passes of the
Fig. 6. Geomorphology of the LY4 paleoseismic site on 0.25 m IDWDEM computed with 0.8 m
where it is defined only by geomorphology such as the moletrack in the NW. In the trenche
deposition regularly buries fault ruptures. Cultural features such as the water tank, dams, a
collection) give a sense of scale and resolution. (For interpretation of the references to colo
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aircraft have relative mislocations on the order of 0.1 m. These
differences then are manifest in the point clouds and resulting DEMs
as somewhat regular troughs and ridges normal to the flight direction
with meter-scale wavelengths and decimeter amplitudes (Fig. 5). The
spline method produces the deepest corduroy (~20 cm) while the
IDWmethods smooth it by a factor of two or more. With a 1 m search
radius every 0.5 m, the coarser DEM has begun to average out the
effects of the multiple swath mislocation. Illumination parallel to the
scan direction (~N45E; right panel of Figs. 4 and 6) diminishes the
distraction of the corduroy for interpretation.

4.2. Mapping of recently active breaks and tectonic geomorphology of
the SAF

4.2.1. Representative mapping approaches
We chose three representative approaches to fault trace mapping

for assessment. Vedder and Wallace (1970) relied on systematic
review of aerial photography and topographic maps with field
checking for their 1:24,000 scale mapping of recently active breaks.
This “classic” method is a reference against which we compare two
other approaches. The first is field-based mapping on aerial photo-
graphic base maps done to prospect for the LY4 site (Stone et al., 1998;
Stone, 1999). The second is new LiDAR-only mapping (no field
checking) by co-author Zielke done for this study. These different
approaches are commonly employed in active fault zone mapping.
Our goal in this section is to qualitatively compare their depiction of
the range of tectonic landforms along the Cholame section. Results
from this study should be widely applicable to other faults for which
LiDAR data are available.

4.2.2. Vedder and Wallace (1970)
Vedder and Wallace (1970) present a sequence of 1:24,000 strip

maps along the SAF between Cholame Valley and Tejon Pass,
California. They used on-the-ground investigations and interpretation
search radius. The recently active trace of the SAF is shown in red. It broadens in places
s, we know exactly where it is. The trenches were sited here because young alluvial fan
rtificial pond floor, and small truck and GPS antenna and tripod (deployed for B4 data
ur in this figure legend, the reader is referred to the web version of this article.)

orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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of vertical aerial photographs to delineate the traces of recently active
fault breaks (Fig. 7). They recognized the recently active breaks in
terms of the related geomorphic features: scarps, trenches or troughs,
notches, parallel ridges, offset channels, sag ponds, ponded alluvium,
undrained depressions, and shutter ridges. Their mapping included
recently active breaks as solid lines (certain on Fig. 7) for which field or
photographic evidence of recent motion was shown by scarps,
trenches, sag ponds, spring lines, or vegetation contrasts. Less obvious
features, but likely fault breaks, were dashed. They also provided brief
notes identifying exemplary features. The data were compiled at
1:24,000 onto topographic quadrangle maps. They claim that features
large enough to represent at this scale are generally accurate to within
50 ft (15.2 m) but may be as much as 150 ft (45.7 m) off in areas of
lower relief. Zielke (this study) rectified scanned versions of the
original Vedder and Wallace maps to provide an equivalent to US
Geological Survey Digital raster Graphic (DRG) topographic maps and
then digitized the mapping without reinterpretation or relocation.

4.2.3. Stone and Arrowsmith
As part of our efforts to find a suitable paleoseismic site along the

Cholame segment in the late 1990s, we (Stone, Arrowsmith, and other
colleagues) mapped about 17 km of the fault zone (Stone et al., 1998;
Stone,1999; Fig. 7). Thismapping included stereographic inspection of
aerial photography from 1930 and field inspection and compilation on
1:10,000 printouts of the airphotos. We strictly limited the delineation
of the active faults to those which showed evidence of recent motion
by meter-sale topographic discontinuities. No features were mapped
which were not identifiable in the field. Some alignments of features
did not have clear indicators of sense of slip, but were most probably
faults, so they were mapped as lineaments. This strictness results in
fewer mapped features (Fig. 7) than Vedder and Wallace (1970) or
Zielke (see below). We also mapped recently active landslides. The
fault traces and landslide scarps and deposits were compiled and
mapped onto aerial photographs rectified to the USGS DRGs (Stone,
1999). Arrowsmith (this study) re-rectified and re-digitized the
relevant mapping for this study. Location accuracy for the Stone and
Arrowsmith mapping is a few tens of meters.

4.2.4. Zielke (this study)
Zielke used a fully digital, GIS-based approach without any field

checking and relied only on DEMs (0.5 mwith a 1 m search radius for
the IDW) and derivative hillshades of the B4 LiDAR survey for his
mapping, the relevant portion of which is presented in Fig. 7. He
mapped landslide scarps and deposits as single polygons. He looked at
fault scarps, offset and deflected features (mostly drainages), and
other lineaments to define the fault trace. He distinguished between
main and secondary fault traces (red and blue respectively in Fig. 7). A
quality rating distinguishes between ‘certain,’ ‘uncertain,’ ‘inferred,’
and ‘queried’ features. Themain tracewas identified as the single trace
most likely active during the last earthquake in 1857. It has a well
developed surface expression with clear fault scarps and drainage
deflection and offsets. If multiple, parallel fault strands were present,
the active trace was identified as the one that has the least degraded
features. The secondary traces are clearly recognizable, but probably
inactive recently or have low rates of slip. These features are typically
subparallel to the main trace and are at times several hundred meters
away from it, indicating the integrated width of the fault zone as a
whole is larger than that is active in just the last few earthquakes.
Certain features (either main or secondary) are clearly identifiable
lineaments along well expressed fault scarps or offset landforms.
Uncertain features are less well expressed and typically do not show
evidence of offset. Uncertain is the best rating that a secondary trace
will usually receive. Inferred features are those without clearly
indicated recent motion, but along the extension of certain or
uncertain features or buried by young alluvium. Finally, queried
Please cite this article as: Arrowsmith, J.R., Zielke, O., Tectonic geom
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features are expressed only by weak lineaments sometimes beyond
the ends of more certain features.

5. Results

5.1. Paleoseismic site analysis—LY4 site

Any effort to select a site for detailed paleoseismic analysis (e.g.,
trenching across a fault) requires an understanding of the context that
comes from assessment of the topography around it. In this example,
we use the B4 data to characterize the LY4 site after the fact (Stone
et al., 2002; Young et al., 2002; Figs. 3–6). The two IDW DEMs (Fig. 4A,
B) with illumination from the NE show the tectonic geomorphology of
the site well. The 0.25 m resolution IDW DEM with the 0.8 m search
radius (Fig. 4B) shows the site most clearly, even though some of the
vegetation, fine topographic roughness and corduroy can be distract-
ing. Fig. 6 takes that the 0.25 m resolution DEM with the N45E
illumination, puts the similarly illuminated 0.5 m hillshade under-
neath to fill the nulls evident in Fig. 4B, and presents the tectonic
geomorphology of the site. The trace of the SAF is clearly indicated by
the en echelon troughs of the moletrack in the NWand the fault scarp
to the SE (Fig. 6). The alluvial fan in the center has buried the repeated
ground ruptures at the site making it a good location for paleoseis-
mology (Stone et al., 2002; Young et al., 2002). Fine features such as
the water tank and the vegetation on the alluvial fan near the trench
site become clearer with the finer resolution (compare Fig. 4A and B).

5.2. Fault zone mapping

In the following subsections, we compare and contrast the Vedder
andWallace, Stone and Arrowsmith, and Zielke fault trace mapping in
their depictions of the tectonic geomorphology of the SAF (Fig. 7).

5.2.1. Northwest—Fig. 7B
The northwestern 6 km of the fault zone (Fig. 7B) preserves

important fault zone discontinuities, distributed deformation, and the
LY4 site. Vedder andWallace show a fault zone varying inwidth from a
single strand to 735 m. Stone and Arrowsmith note the greater width
of the stepover (~100 m) as well as nearly 200 m width near LY4
indicated by two subparallel traces (see below). Zielke's active traces
are singular except for the stepover. Considering the secondary traces,
the fault zone is 300–500 m wide.

The Whaleback (WB on Fig. 7B; see also Fig. 2B) is an informally
named recently uplifted block bounded largely on the NE by active
traces of the SAF. The drainage that crosses it (just SE of the WB label)
has recently been defeated with runoff joining the main NW-flowing
Las Yeguas drainage to the SE. Other subtle traces of former drainages
crossing Whaleback are evident in the field and in some illuminations
of the LiDAR DEMs. The uplift of theWhaleback apparently pushes the
Las Yeguas creek to the SW, and promotes incision along it. The
formation of numerous landslides (mapped by Stone/Arrowsmith and
Zielke) attest to the recent uplift and incision. The NW end of the
Whaleback is marked by a prominent left step in the active fault traces
(Stone/Arrowsmith and Zielke). Stone (1999) interpreted the uplift of
theWhaleback as resulting from a possibly greater fault-normal width
at depth of this stepover. Vedder and Wallace and to a lesser extent
Zielke delineate the fault zone to the NW of the Whaleback with
discontinuous swales and scarps.

The LY4 site is located in a portion of the fault zone marked by
straight and continuous overlapping traces and where the Las Yeguas
Creek enters the Whaleback-driven knickpoint (see above and Fig. 6
for more details). An important concern for the LY4 paleoseismic
results is the degree of recent activity along the second fault trace at
the site (to the SW). Both Stone et al. (2002) and Young et al. (2002)
dismissed it as not significant in terms of accommodation of slip. All
three of the mapping datasets show it, but with variable activity
orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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ratings. Young et al. (2002) determined that the main trace
accommodated about 3 m of slip in 1857. Lienkaemper (2001) and
Arrowsmith and Zielke (2008) conclude that this is on the lower end
of the likely slip released in 1857 over this reach as indicated by offset
channels and other landforms. Could the secondary trace actually
have accommodated the additional 1–2 m of slip? Young et al. (2002)
concluded that it has not been recently active as indicated by
Fig. 7. Fault strip mapping by Vedder and Wallace (1970); Stone and Arrowsmith (Stone, 19
panels that follow. B) Northwestern, C) central, and D) southeastern mapped panels showin
The location of the LY4 paleoseismic site (e.g., Stone et al., 2002; Young et al., 2002; Figs. 4

Please cite this article as: Arrowsmith, J.R., Zielke, O., Tectonic geom
topography: An example from the Cholame segment, Geomorphology (
degraded fault scarps and undeformed inferred Holocene deposits
(present west-northwest of the trench site). Review of the LiDAR-
based imagery and mapping (Fig. 7B) suggests that this weakly
defined trace has not undergonemore than a fewmeters of slip during
the 10s of kyr development of the landforms there (e.g., Arrowsmith
et al., 1998), suggesting that it did not accommodate meter-scale slip
in 1857.
99); and Zielke, this study. A) Explanation for symbology and locations of the mapped
g the three different mapping results overlain on 0.5 m DEMs with N45W illumination.
–6) is also indicated in A and B. See text for explanation.

orphology of the San Andreas Fault zone from high resolution
2009), doi:10.1016/j.geomorph.2009.01.002
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Fig. 8. Common landforms produced along recently active strike-slip faults such as the south-central San Andreas Fault. A) Classic block diagram from Vedder and Wallace (1970).
B) LiDAR DEM-based oblique view (4.5 km long) of an exemplary piece of topography color-coded by elevation showing all features of A alongwith a fewmoremostly associatedwith
the distributed deformation of the Whaleback pressure ridge (water gap and landslide in this case). C) Slope map showing the quantitative interpretative power that can come from
these topographic data. B and C come from the area of Fig. 7B, but are meant to be broadly representative.
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5.2.2. Central—Fig. 7C
The central 6 km of mapping is notable for a potential paleoseismic

site in the northwest, important fault controlled drainage, short
discontinuous and variably oriented faults in the middle, and a
transition to straight and longer fault traces to the southeast. Vedder
and Wallace's fault widths here are about 300 m. Stone and
Arrowsmith show simple traces in the northwest and southeast
bounding a ~150 m wide lineament-dominated belt. Zielke's active
traces are uncertain through the central discontinuities, whereas the
secondary traces show an overall fault zone with decreasing from
750 m in the NWof this section to just a single few meters wide trace
in the SE.

Vedder andWallace note the large sag pond in the NWof the map.
Stone (1999) calls this the “Las Yeguas site.” It is a good potential
paleoseismic site (Stone et al., 1998). As all the maps show, the fault
traces cross alluvial fans feeding the marshy sag from the NE.

The fault-controlled drainage identified by Vedder and Wallace
confounded the field mapping by Stone and Arrowsmith. We had a
hard time differentiating fluvial and fault scarps there. Just to the SE of
the fault controlled drainage, the fault zone becomes even more com-
plex. Vedder and Wallace denoted “area of hummocks and swales.”
Stone and Arrowsmith noted that no faults were conspicuous. Zielke
can only draw an uncertain main fault through the center, while his
secondary faults pick up the greater width of the fault zone. The LiDAR
topography is consistent with what Stone/Arrowsmith and Vedder/
Wallace maps show as sags between ridges. This zone appears to
comprise ~10 discontinuous fault blocks. The blocks have moved
differentially—some up and some down—to produce the notable sags
and ridges. Stone (1999) interpreted this zone in 3-dimensions as one
in which the fault surfaces were “petals” of a flower structure which
flared upward from amore continuous through going fault surface (its
buried trace perhaps delineated by Zielke). If it exists, the depth of
flaring is probably on the order of the horizontal extent of the features
(several hundred meters).

5.2.3. Southeast—Fig. 7D
The south easternmost 5 km of themapped fault zone is marked by

greater geometric simplicity than the portions to the NW. Vedder and
Wallace show a 50–100 m wide zone of sags, troughs, and ridges.
Stone and Arrowsmith show 1–2 km long stepping fault traces with a
landslide-dominated 30 m high fault scarp. Zielke's gently curving
traces show a ~100 m left bend heading off the map to the SE (also
shown in the Vedder andWallace mapping). Zielke's secondary traces
are ~1 km long and subparallel with the main trace and delineate a
~500 m wide fault zone.

6. Discussion

The suite of landforms that indicates the recent activity of a strike-
slip fault is illustrated in “textbook” form in Fig. 8A. Any landform in
isolation (i.e., bench, scarp, or trough) is not sufficient to delineate the
active fault. The landforms taken together in terms of their spatial
association and orientation are a strong predictor of fault location (as
indicated by historic earthquake surface ruptures which have
occurred along such belts of topographic features and the paleoseis-
mic trenches which have been sited accordingly and successfully
exposed evidence of recent faulting). Using GIS visualization tools like
ArcScene (http://www.esri.com/software/arcgis) makes it possible to
update such a figure and to show a few new features (Fig. 8B). Either
Fig. 8A or B is a sufficient summary of the landforms produced along
recently active faults, but Fig. 8B shows themwith greater realism and
detail. Whether or not that makes a difference for training researchers
and students to identify such features remains to be seen. But, they
can use such visualization tools to interact with these data from
numerous virtual view points and with different color ramps, or other
manipulations.
Please cite this article as: Arrowsmith, J.R., Zielke, O., Tectonic geom
topography: An example from the Cholame segment, Geomorphology (
This paper represents an early analysis of the utility of high
resolution topographic data now becoming readily available along
such faults as the SAF. We have applied this analysis to paleoseismic
site evaluation and fault trace mapping (given the caveat that the
active fault zonemay be broader than the data coverage). Quantitative
and systematic analysis of offset stream channels and other features
(i.e., Sieh, 1978; Lienkaemper, 2001) is underway (Arrowsmith et al.,
2006; Arrowsmith and Zielke, 2008).

Thedifferentmapping results show thatmostof theprimary features
are robustlymanifest.We do not advocatemappingwithout visiting the
field. Such a recommendation is not new because Vedder/Wallace and
Stone/Arrowsmith inspected aerial photographs in advance of the field
work. Any such inspection is an efficient step. The LiDAR DEMs provide
an additional, useful, and well georeferenced dataset. Indeed, the
georeferencing of the LiDAR is significantly better (probably at least an
order of magnitude more accurate) than the commonly available 1 m
USGS digital orthophoto quarter quadrangles. Thus, digitizing before,
during, and after field inspection using LiDAR DEMs and derivatives as
base maps will improve the geolocation quality of the resulting maps.

The B4 LiDAR coverage is in a largely unforested portion of Southern
California. The data are not classified in terms of ground and vegetation
returns. The SAF and related faults in northern California and elsewhere
are spectacularly exposed in “bare earth” DEMs (e.g., Haugerud et al.,
2003; Sherrod et al., 2004; Kondo et al., 2008). In such conditions, the
advantage of LiDAR is even greater than discussed here.

This study is largely qualitative and subjective (as is required for
siting and mapping). The eyes and mind of a geologist/geomorphol-
ogist are the most valuable tools. LiDAR analyzed within a facile GIS
environment is a powerful aid. Moving beyond these “pretty pictures”
will produce new understanding about rates and processes through
the interaction of the hillslope, landsliding and fluvial surface
processes with the faulting and distributed deformation. The high
slopes along Las Yeguas Creek as it passes through the Whaleback
uplift zone are clear in Fig. 8C and consistent with the mapped
concentration of landslides there (Stone/Arrowsmith and Zielke
mapping, Fig. 7B). Narrow swaths of higher slopes show the recently
active fault traces around LY4 and NW (left) of the Whaleback. Fault
scarps indicate that trace and could be morphologically dated
(Arrowsmith et al., 1998). Significantly extending suchmusings, Hilley
and Arrowsmith (2008) used the LiDAR DEMs and knowledge of the
tectonic activity of a pressure ridge along the SAF in the Carrizo Plain
to depict landscape development in an area of transient rock uplift.

7. Conclusions

Swaths of high resolution topographic data along fault zones are
important aids in the delineation of recently active breaks. LiDAR data
such as the B4 southern SAF laser scan has shot densities of 3–4 m−2

and can be gridded to 0.25 to 0.5 m resolution using local binningwith
inverse distance weighting and 0.8 m or larger search radii. Those
resolutions depict the tectonic landforms at paleoseismic sites well
enough to assess them confidently. Mapping of recently active breaks
using a LiDAR-only based approach compares well with a combination
of aerial photographic and field-based methods. But LiDAR, field, and
spectral imaging (i.e., aerial photography)will give the best results. The
semantic variations of what constitutes “active” and the importance of
secondary traces influence the breadth and complexity of the resulting
fault trace maps. The Cholame section we have studied presents a
range of tectonic features and challenges. These analyses are applicable
to similar kinds of studies along the SAF and other active faults for
which LiDAR topography data are or may become available.
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