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ABSTRACT

Seismic hazard analyses form the basis for the forecast of earthquake-induced
damage to regions prone to seismic risk. Precariously balanced rocks (PBRs) are
balanced boulders that serve as in situ negative indicators for earthquake-generated
strong ground motions and can physically validate seismic hazard analyses over multiple
earthquake cycles. Understanding what controls where PBRs form and how long they
remain balanced is critical to their utility in seismic hazard analyses. The geologic and
geomorphic settings of PBRs are explored using PBR surveys, stability analysis from
digital photographs, joint density analysis, and landscape morphometry.

An efficient field methodology for documenting PBRs was designed and applied
to 261 precarious rocks in Arizona. An interactive computer program that estimates 2-
dimensional (2D) PBR stability from digital photographs was developed and tested
against 3-dimensional (3D) photogrammetrically generated PBR models. 2D stability
estimates are sufficiently accurate compared to their 3D equivalents, attaining <8.8%
error in estimated PBR centers of mass heights. Joint analysis reveals a mean PBR joint
density of 0.39 m™ with few PBRs formed in joint densities <0.22 m™ and >0.55 m™.
Landscape morphometry shows that PBRs are situated in upper reaches of drainage
basins near divides and hillslope crests. Surveyed PBRs are preserved on local hillslope
gradients between 10° and 45°, and contributing areas between 1 m and 30 m.
The close comparison between the 2D and 3D PBR stability estimates indicates that the
program developed here may be used to quickly estimate PBR stabilities from digital
photographs taken in the field within reasonable accuracy. The joint density results
indicate that structural control on the bedrock from which PBRs are produced is critical
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to their formation and preservation; high joint densities create small boulders that
completely decompose prior to exhumation while low joint densities create relatively
large boulders that are stable. Morphometry results may help predict expected locations
of PBRs in landscapes. More importantly, they caution that construction of PBR
exhumation rates from surface exposure ages needs to account for their geomorphic
location in a drainage basin given that spatial variation in PBR exhumation rates are

controlled by the landscape’s geomorphic state.
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INTRODUCTION

The dynamics of the rocking response of fragile objects to earthquake-generated
ground motions have been researched for over a century (Mallet, 1862; Milne, 1881;
Milne and Omori, 1893; Kirkpatrick, 1927; Housner, 1963). These efforts were
motivated by the prospect of inferring the intensity of earthquake-induced ground
shaking from overturned man-made structures (e.g., columns and water towers). The first
attempt that used a balanced rock to constrain estimates of peak ground motions was by
Coombs et al. (1976). They employed the balanced Omak Rock in northern Washington
State and estimated peak ground accelerations (PGAs) of 0.1-0.2 g generated by the My,
6.5-7 1872 Pacific Northwest earthquake.

Advancement in seismic instrumentation and historical earthquake record
documentation enabled researchers to document the spatiotemporal distribution of
seismicity over decadal to centennial times scales. Interest in the utility of balanced
rocks was renewed in the early 1990’s to extend constraints on ground motions to
millennial time scales (e.g., Brune, 1992, 1993a, b, 1994; Weichert, 1994). This was
based on the assumption that balanced rocks have been in their present state for
thousands of years, and that by linking their precariousness with ground motion
characteristics they may be used to constrain peak ground motions on the scale of
multiple earthquake cycles (Brune, 1996). Hence, precariously balanced rocks (PBRs)

emerged as coarse-resolution seismoscopes in seismically active regions.



What is a PBR?

Many geologic and geomorphic configurations produce fragile rocks that may be
classified as PBRs. Some examples include hoodoos, spires, stacked rocks, and pedestal
rocks (Fig. 1). For this study we define a PBR as a boulder of homogeneous composition
that is balanced on a pedestal of the same composition and produced in uniformly jointed
bedrock (Fig. 1E). This particular configuration is chosen because of two important
assumptions that are made when PBRs are utilized as seismoscopes. First, the
assumption of homogeneous composition means that the PBR has a uniform bulk density,
which is necessary to accurately estimate its center of mass. This estimate is difficult to
make if PBRs of non-uniform density are used (e.g., hoodoos). Second, the governing
equations of motion that describe the rocking response of a balanced object to basal
excitations assume that the object is free standing (Housner, 1963; Shi et al., 1996).
Therefore, the PBRs studied here are distinctly separated from their pedestals by
horizontal to subhorizontal joint surfaces.

This study uses granitic PBRs to address the scientific goals. However, the field
and laboratory techniques developed and described herein may be applied to any PBRs of
uniform density and appropriately jointed bedrock, such as other intrusive or extrusive

igneous and sedimentary rock types.



Figure 1. Examples of different types of PBRs. (A, B) Hoodoos are balanced rocks that
have variable cross-sectional profile widths formed by the differential weathering of
alternating hard and soft rocks (sandstone and mudstone in the shown examples). Both
examples are from Mexican Hat and Bryce Canyon, UT. Photo credit of A: Steven
Semken, ASU. Photo credit of B: Amanda Turner, USC. (C) Spires are tall balanced
rocks of smooth cross-sectional profiles that have wide bases and taper upward.
Examples shown are rhyolitic tuff spires from Chricahua National Monument, AZ. (D)
Stacked rocks are two or more rocks balanced on each other. Example shown is from
Texas Canyon, AZ. (E) Pedestal rocks are boulders balanced on pedestals of the same

composition. Example shown is from the Granite Dells, AZ.



Figure 1, continued



PBR Methodology

Precariously balanced bocks are utilized as negative indicators of earthquake-
generated strong ground motions (Brune, 1996). By combining PBR surveys with
ground motion maps for Southern California, Brune (1996) found that PBRs were located
near large faults with modeled PGAs of >1.5 g in 50 years with a 2% exceedance
probability (~2475-yr recurrence interval; Fig. 2). These modeled PGAs are well over
those needed to overturn the surveyed PBRs (0.2-0.3 g). Using the assumption that the
PBRs have been precarious for thousands of years, Brune (1996) speculated that they
must have survived multiple episodes of strong ground motions, and that the PSHAs
overestimate ground shaking hazards in Southern California.

A critical PBR parameter that is used to physically validate PSHAS is time: how
long has the PBR been precarious? A PBR is considered precarious once its pedestal
contact is exposed. Determining the time since the PBR’s pedestal has been exposed,
Teagr, 1s vital to making statistical inferences of ground motion exceedance probabilities
that refine PSHAs (Purvance, 2005; O'Connell et al., 2007). For example, a PBR that
requires more than 0.3 g of horizontal PGA to overturn and has persisted since 10 ka is
evidence that earthquake-induced ground shaking in the PBR’s vicinity did not exceed
0.3 g since 10,000 years ago. Otherwise, the PBR would have overturned.

During the decade following Brune’s (1996) efforts, varnish microlamination
(VML) and cosmogenic radionuclide (CRN) dating became the most widely used

techniques to determine Tpgr



Figure 2. 2008 U.S. Geological Survey National Seismic Hazard Map of peak ground
accelerations (PGA) for a 2% exceedance probability in 50 years (~2475-year recurrence
interval; Petersen et al., 2008). Blue stars are PBR zones surveyed by Brune (1996).
Because these PBRs have the potential to topple from PGAs between 0.1 and 0.5 g
(Brune, 1996), their existence near large faults with an average recurrence interval of
~2475-yr of PGA >1 g indicates that the ground-shaking map may overestimate the

distribution of strong ground motions on the millennial time scale.
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(e.g., Bell et al., 1998; Stirling et al., 2002; Stirling and Anooshehpoor, 2006; Kendrick,
2008; Rood et al., 2008; Stirling, 2008; Grant-Ludwig et al., 2009; Purvance et al., 2009;
Rood et al., 2009). Exposure ages of pedestals provide estimates of Tpgr, While profile
exposure ages of PBRs aid in reconstructing their exhumation histories. Bell et al. (1998)
used VML and CRN to establish exposure ages of PBR pedestals near Victorville and
Jacumba, CA, and Yucca Mountain, NV. They found that PBRs in Victorville and
Jacumba have been precarious since 10.5 ka, and at Yucca Mountain since 10.5-27.0 ka.
Stirling (2008) measured pedestal ages of New Zealand PBRs between 24-40 ka using
VML. Rood et al. (2009) found that PBRs in the San Bernardino Mountains, CA, have
been precarious since 23-28 ka using CRN. Two exhumation rates have thus been
interpreted from the surface exposure ages: (1) a constant PBR exhumation rate, implying
that the PBR was exhumed at a steady rate and thus was formed in a steadily lowered
landscape, and (2) multiple-rate PBR exhumation that began slow then catastrophically
increased, implying that the PBR emerged slowly then, due to either climatic or tectonic

forcing, emerged catastrophically to the surface.



Problem Statement

Despite the seismological confidence in the utility of PBRs as natural
seismometers, the geomorphic processes that produce them are insufficiently understood.
Interpretations of PBR exhumation histories from surface exposure ages are reconstructed
without accounting for the PBR’s overall geomorphic situation in the landscape. Current
understanding of PBR origin, development, and preservation is derived from a two-stage
conceptual geomorphic model (Fig. 3). The first stage involves joint-controlled
subsurface chemical weathering and decomposition of bedrock, followed by the
mechanical stripping of the decomposed material to expose spheroidal corestones
(Linton, 1955; Thomas, 1965; Twidale, 1982). This model is often used to describe the
formation and preservation of granitic PBRs (e.g., Bell et al., 1998; Purvance, 2005).
However, it does not account for the overall geomorphic setting of PBRs in a landscape.
Are PBRs located on steep or gentle hillslopes? Are they located near channels or
drainage basin divides?

Because the fundamental mechanistic hillslope transport and soil production laws
are largely controlled by hillslope gradient and contributing area (Gilbert, 1877; Penck,
1953; Schumm, 1967; Kirkby, 1971), the morphologic setting of a PBR in a drainage
basin can control its exhumation rate, residence time, and preservation potential. For
example, PBRs near hillslope crests may be exhumed at lower rates than those located on
steep hillslopes. Also, the geomorphic state of a landscape has the potential to dictate
exhumation histories of emerging boulders. Heimsath et al. (2001a) showed that tors

exhibiting steady emergence rates suggest that the landscapes from which they are
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Figure 3. Two-stage conceptual model for the formation of PBRs. (A) Stage I involves
subsurface chemical weathering along joint surfaces and the development of
mechanically transportable material. (B) Stage II involves exhumation of spheroidal

corestones and their placement in precarious positions (modified from Twidale, 1982).
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exhumed are in dynamic denudational equilibrium, whereas tors exhibiting nonsteady-
state exhumation (i.e. poly-rate exhumation histories) indicate that other factors (tectonic
and/or climatic) may have an influence on the geomorphic processes that act on the tors.
Similarly, modeling the geomorphic evolution of pediment surfaces shows that factors
such as soil thickness and the capacity of pediment drainages to transport sediment play a
critical role in the rates of tor exhumation (Strudley et al., 2006; Strudely and Murray,
2007). To date, these lines of geomorphic reasoning have not been applied to the PBRs.
Since these PBRs were produced in seismically (and hence tectonically) active regions, it
is very likely that tectonic geomorphic processes influenced their exhumation histories
and Tpgr. However, exhumation histories of PBRs that have been reconstructed from
VML and CRN in seismically active regions do not account for this, thus placing the
utility of PBRs as seismic hazard validators in question.

Expected Goals and Impacts of this Study

The goals of this study are to (1) quantify the geomorphic settings of PBRs in
landscapes, and (2) investigate how the geologic and geomorphic settings of a PBR
control its fragility. Specific questions that will be investigated include: Where are PBRs
located in the landscape? How is a PBR’s slenderness controlled by its geomorphic
location in a drainage basin? Is there a relationship between PBR slenderness and local
hillslope gradient or contributing area? How does our understanding of the above
questions affect the interpretations of PBR exhumation histories, and how does this affect

the application of PBRs to seismic hazard analysis validation?
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This work will help increase our understanding of PBR production and
preservation at the drainage basin scale. Also, it will build our confidence in interpreting
PBR exposure ages, exhumation histories, and Tpgr. The importance of this work may be
placed in two contexts: the seismological utility of PBRs for seismic hazard assessment
and the geomorphic question of where balanced rocks form in landscapes.
Study Area

Motivation

Selection of an appropriate study area to address the above-mentioned goals was
dictated by the seismotectonic and geomorphic settings of the PBRs. PBR zones located
in regions of high seismicity were not considered because of the following reasons. A
population of PBRs may contain a geomorphic lifecycle and a seismic lifecycle. For any
one PBR, the geomorphic lifecycle begins when the PBR’s pedestal is exhumed in a
landscape and ends when the PBR is no longer precarious (i.e., toppled). Each PBR in a
population may thus be at a different stage of its geomorphic lifecycle in a landscape.
The seismic lifecycle of a PBR begins when the last strong ground motion episode took
place before the PBR became precarious, and ends when the next strong ground motion
episode occurs (whether the PBR topples or not). Combined, the two lifecycles form an
intricate dynamic system that introduces complex challenges to determining the
seismogeomorphic lifecycle of the PBR population (e.g., O'Connell et al., 2007). For this
reason, PBRs that have formed in areas of low-seismicity were chosen to eliminate
possible seismic and/or tectonic geomorphic contamination from the PBR’s

seismogeomorphic life cycle, thus reducing the problem to the geomorphic lifecycle
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alone. The motivation for doing so is the need to understand the underlying processes
that form and preserve PBRs in their simplest settings. By reducing the PBR problem to
the geomorphic lifecycle, a baseline from which the geomorphic understanding of PBRs
in different seismotectonic settings may be constructed.

The Granite Dells Precarious Rock Zone

The Granite Dells precarious rock zone (GDPRZ) was selected as the study
location following reconnaissance surveys of PBR zones in low-seismicity regions of
Arizona and Southern California (Fig. 4). The GDPRZ was selected because it contains a
sufficiently large population of PBRs that spans different geomorphic settings. Also,
PBRs in the GDPRZ are formed in granite of relatively homogeneous composition and
texture that is appropriately jointed, making it a suitable location to address the research
goals.

The primary PBR-forming bedrock unit in the GDPRZ is the Neoproterozoic
(1.11 Ga — 1.395 Ga; DeWitt et al., 2008) Dells Granite (Yd in Fig. 5). Yd forms a
geomorphic surface expressed as a prominent pediment that is dissected by very angular,
joint-controlled drainage networks. It is overlain unconformably by Cenozoic rocks
(Ths, The, Thb, Thab, Tso, and Qal; Fig. 5) and is thought to be in fault contact with
other Precambrian volcanic and intrusive rocks to the southeast and southwest (Krieger,
1965). Weathered surfaces of Yd are orange to light brown and fresh surfaces are light
gray to white. Locally, Yd is intruded by mainly pegmatitic dikes and veins. With the
exception of local compositional variations, Yd typically occurs as a massive, medium-

to coarse-grained granite of locally porphyritic texture with grain diameter ranging from
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Figure 4. Location of the GDPRZ relative to major cities. (A) The GDPRZ is located in
the Arizona Transition Zone between the southern Basin and Range Province and the
southern Colorado Plateau. It is formed in the Granite Dells, which are the geomorphic

surface of a pediment formed in the Dells Granite pluton.
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Figure 5. Geologic map of the Granite Dells Precarious Rock Zone (GDPRZ). PBRs in
the GDPRZ are formed in the Dells Granite (Yd), a Proterozoic granitic pluton that is
flanked by Glassford Hill (Thb) to the east, Ths to the north and west, and Ths and Qal

to the south. Geology extracted from DeWitt et al. (2008).
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3 mm to 8 mm. Mafic xenoliths are present as inclusions in Yd and range in diameter
from a few centimeters to several decimeters.

General Seismotectonic Setting of the GDPRZ

The GDPRZ is located in the Arizona Transition Zone between the southern
Basin and Range Province and the southern Colorado Plateau (Fig. 6). It is formed in a
~20 km® Proterozoic granite pluton ~5 km from the ~10 km discontinuous Prescott
Valley Graben fault zone. Selection of the GDPRZ for this study used a strategy to
locate PBR zones in regions that have not likely experienced extreme earthquake-induced
ground shaking (see the Motivation section above). Therefore, a 20-km buffer was
constructed from active faults based on field observations that Brune (1996) made during
his surveys of PBRs in Southern California (Fig. 6), where he observed no PBRs. The
GDPRZ is located in one of these buffer zones that belong to the Prescott Valley Graben
fault zone of central Arizona (Fig. 6). I note, however, that Quaternary slip rates on the
faults of this fault zone (<0.2 mm/yr; Fig. 6B) are 10 to 100 times lower that those of
Southern California where Brune performed his surveys and so are likely to have longer
recurrence intervals than the major faults of Southern California. Also, the Prescott
Grabens fault zone is more geometrically segmented than the major faults of Southern
California, suggesting that past earthquakes that occurred in this zone did not produce
sufficiently large ground motions to topple the PBRs present in the GDPRZ. Similarly,
the older and relatively inactive southern Basin and Range of Arizona with its low-relief

ranges and broad alluvial basins has no active faults that offset Quaternary units,
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Figure 6. (A, B) Seismotectonic setting of the Granite Dells Precarious Rock Zone
(GDPRZ). The GDPRZ is located in the Arizona Transition Zone between the southern
Colorado Plateau and the southern Basin and Range Province, Arizona. Active fault data
from the U.S. Geological Survey Quaternary fault and fold database

http://earthquake.usgs.gov/regional/gfaults/. Geology compiled from Richard et al.

(2000).
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indicating that the PBRs in the GDPRZ were not affected by recent seismically-induced
ground motions. Figure 7 illustrates the modeled PGA for the GDPRZ for 2%
probability of exceedance in 50 years. The GDPRZ is modeled to experience ~0.04 g
with a recurrence interval of ~2475 years. Given the low PGA and recurrence interval
values, we may safely assume that the PBRs in the GDPRZ have not experienced many
episodes of strong earthquake-generated ground motions, thus reducing the possibility of

their lifecycles being seismically contaminated (see the Motivation section above).
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Figure 7. 2008 U.S. Geologic Survey National Seismic Hazard Map for peak ground
accelerations (PGA) for a 2% exceedance probability in 50 years (~2475-year recurrence
interval; Peterson et al. (2008)) for the GDPRZ. The GDPRZ is modeled to experience
~0.04 g every ~2475 years, both values of which are too low to seismically contaminate

the PBRs in the GDPRZ.
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TOOLS AND METHODOLOGY

This section describes the tools and methods used in this investigation to address
the above research questions. First, the PBR selection and sampling methodology will be
described, followed by a description of data acquisition and processing of the airborne
light detection and ranging (LiDAR) and the terrestrial laser scanning (TLS). This will
be followed by a description of the PBR geometric parameter estimator that was
developed here, the joint density analysis used to assess joint control on PBR formation
and slenderness, and landscape morphometric analyses.
PBR Selection and Sampling Methodology

The GDPRZ contains a large population of PBRs that forms a continuous
spectrum of sizes, masses, shapes, and precariousness (Fig. 8). Judicious selection of a
representative PBR sample is critical for the presented analyses. This section describes
the sampling strategy and selection methodology that were used to search for and survey
PBRs in the field. PBRs were searched for by traversing along a 300 m-wide segmented
E-W transect (Fig. 9). The transect is marked by a contact with sedimentary and basaltic
rocks to the west (unit Thbs), and a contact with Mg-rich basaltic to andesitic flows to
the east (unit Thb in). Segmentation of the transect was due in part to limited access to
private lands and rugged terrain that posed accessibility hazards (Fig. 10). PBRs
observed situated in very steep terrain were noted and their locations were approximated
but not used in the analyses. Only those PBRs that were geomorphically developed in situ
on bedrock pedestals were sampled. Care was taken not to sample apparently balanced

rocks that may have come to their precarious state via aseismically sourced overturning.
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Figure 8. Examples of precarious rocks in the GDPRZ. PBRs in the GDPRZ are present
in a spectrum of sizes, masses, geometric configurations and precariousness. (A and B)
Examples of very precarious PBRs. These are some of the most precarious PBRs

surveyed in the GDRZ. (B and C) Examples of less precarious (more stable) PBRs.



Figure 8, continued
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Figure 9. Map of the transect that was traversed during PBR surveys overlain on the
geologic map and hillshade of the study area. The segmented nature of the transect is due

to limited accessibility in private lands and rugged terrain. Geology from DeWitt et al.

(2008).
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A\

Figure 10. Photographic examples of inaccessible PBRs (blue arrows). PBRs that posed
accessibility hazard were photographically documented and their locations were

approximated, but were not used in the analyses.
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Possible aseismic toppling is primarily sourced from wildlife (e.g., elk, deer, and bears)
and anthropogenic activities such as vandalism (Fig. 11) and balancing rock art (Fig. 12).
Criteria for determining if a PBR is in situ included: (1) Discrepancy between the
orientations of the PBR’s sides and the vertical joints that bind its pedestal, and (2) fresh
PBR or pedestal surfaces, both of which suggest recent PBR disturbance and/or damage.

A Wide Area Augmentation System (WAAS)-enabled Garmin® eTrex Summit®
hand-held GPS receiver was used to locate the PBRs. This system afforded a maximum
horizontal accuracy of 2 m (+/-1 m). The most fragile PBR was sampled if more than
one PBR existed in this neighborhood because the most precarious PBRs in a sample
population are used to numerically construct upper constraints on earthquake-generated
peak ground motions (Brune and Whitney, 2000).

Only PBRs that were fully detached from their pedestals were sampled. This
assessment was made by visually inspecting the contact between each PBR and its
pedestal to ensure that a through-going horizontal joint defined the PBR-pedestal contact.
This is important because the rocking response of a PBR to ground motions is typically
modeled using the assumption of a free-standing block that is free to rotate about its
rocking points, RP; (Fig. 13) (Housner, 1963; Shi et al., 1996; Anooshehpoor and Brune,
2002; Anooshehpoor et al., 2007; Purvance et al., 2008a; Purvance et al., 2008b).

Even though the Dells Granite (Yd in Fig. 5) does not vary significantly in
composition throughout the GDPRZ, subtle differences in mineralogical composition do
exist and may potentially control the development (or lack thereof) of PBRs and their

physical characteristics (e.g., size, roundness, slenderness). To document this efficiently
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Figure 11. Photographic examples of anthropogenic-induced PBR toppling via
vandalism. (A) Example of a toppled PBR stack from the GDPRZ. Handheld GPS
shown for scale (~0.12 m long). (B) Example of a tilted PBR from Granite Pediment,
CA, showing detail of the PBR-pedestal contact. Brunton compass shown for scale. (C)
Example of an overturned PBR showing the PBR-pedestal contact and the damaged PBR.

Knife shown for scale (~0.1 m long).



Figure 11, continued
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Figure 12. Example of an anthropogenically produced PBR via balancing rock art. Such

PBRs were disregarded in our PBR sampling efforts.
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Figure 13. Geometric parameters of a precariously balanced rock (PBR). CMy and CMy
are the coordinates of the PBR’s 2D center of mass; RPy and RPy; are the PBR’s rocking
points; Mg, and mgy; provide the vertical reference (usually the plumb bob in the PBR’s
photograph); Sy and Sy; are the coordinates of the length scale used to determine the
lengths of Ri. a; are the PBRs slenderness values, where the smallest o; value is assigned

to the PBR as amin.
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in the field, each PBR was assigned a rock description. Since PBRs tend to spatially
cluster together, the process of assigning each PBR a rock description was streamlined by
categorizing PBR clusters into different rock types based on observed changes in
mineralogy. Detailed descriptions of each rock type is presented in the Results and
Discussion section below.

The workflow for sampling a PBR is as follows: the PBR is selected according to
the above-mentioned criteria. The GPS receiver is then placed on top of the PBR, but no
GPS coordinate is recorded yet. In general, it takes ~2 minutes for the GPS receiver to
achieve its maximum horizontal accuracy of 2 m. During this time, the PBR’s maximum
circumference and height are measured using a graduated rope and measuring tape,
respectively. The pedestal’s attitude is then measured using a Brunton compass. A
plumb bob is placed on the PBR and suspended freely, and a scale of known length is
placed near the PBR. Photographs of the PBR are then taken from different azimuths and
recorded. For each photograph, the scale is rotated such that it is perpendicular to the
photograph’s azimuth (i.e. it is in the plane of the photograph). It is important that both
scale and plumb bob are not obscured from the camera’s field of view (e.g., by vegetation
or boulders). A description of the PBR’s mineralogical composition is made and used
subsequently in the following PBR if the composition has not changed. Ifit did, a new
rock description is added and the PBR is then categorized accordingly. Finally, when the
GPS receiver achieves its maximum positional accuracy, the GPS point is recorded and
noted. This workflow typically takes ~10 min per PBR if the activity is performed by

one person, and may be reduced to 3-5 min per PBR if more than two field personnel are
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at work (one making the measurements and the other recording them). The data may be
manually recorded on a spreadsheet or electronically recorded in a PBR database
(Appendix A).

Airborne LIiDAR Data Acquisition, Processing, and Assessment

Light Detection and Ranging (LiDAR) technology is rapidly becoming an
effective observational tool in geologic and geomorphic investigations. Airborne
LiDAR, known also as Airborne Laser Swath Mapping (ALSM), employs an aircraft-
mounted scanner (Fig. 14A) that scans the topography in side-to-side swaths
perpendicular to the aircraft's flight path (Fig. 14B). The aircraft’s absolute location and
orientation (yaw, pitch, and roll) are corrected for by inertial navigation measurements
and high-precision GPS. This places the LIDAR data in a global reference frame.

The visualization and analytical utility of ALSM data is best accomplished by
producing gridded surfaces from the point clouds (e.g., El-Sheimy et al., 2005). Gridded
surfaces are generally generated using local binning methods that compute values of
equally spaced grid nodes using a predefined mathematical function (e.g., mean,
minimum, maximum, inverse distance weighting—IDW) and a search radius (r). In the
case of digital terrain data, each Xy grid node is assigned a z elevation value based on the
chosen mathematical function and r.

The ALSM data were collected in the summer of 2009 by the National Center for

Airborne Laser Mapping (NCALM; www.ncalm.org) as a Seed Grant. The average

aircraft flight elevation was ~850 m above ground level. The scanner operated at a laser

pulse rate frequency of 125 kHz with a mirror oscillation rate of 40 Hz in +/-20°-wide


http://www.ncalm.org/
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Figure 14. The Airborne Laser Swath Mapping (ALSM) setup. (A) LiDAR-equipped
twin-engine Cessna Skymaster aircraft at the Prescott Regional Airport. The aircraft and
its support crew are operated and managed by the National Center for Airborne Laser
Mapping (NCALM; www.ncalm.org). The ALSM scanner is controlled by an onboard
computer on which the LiDAR data are downloaded and processed. The inertial
measurement unit (IMU) is used in combination with the aircraft's real-time GPS and
ground GPS base stations to accurately locate the aircraft and LiDAR data.

(B) Components of the airborne laser swath mapping (ALSM) LiDAR setup. The
3-dimensional location of the scanner-mounted aircraft is accurately monitored by GPS
satellites and GPS ground base stations. Decimeter accuracy LiDAR scans can have a
typical overlap of up to 50% of the swath width, which can provide very dense data

coverage (~11.4 shots per m?) of the terrain.



Figure 14, continued
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swaths from the aircraft’s nadir. Over 350 million laser returns were detected for the
entire GDPRZ (Fig. 15; ~31.5 km?), resulting in an average shot density of ~11.4 m™.

The final gridded product was a 1-m DEM generated from the ground returns (Fig. 16).

42
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Figure 15. Oblique views of a subset of the airborne LiDAR point cloud of the Granite
Dells. The dense nature of the data (~11.4 points per m?) captures geologic structures and
geomorphic features in fine detail. The final point cloud serves as a basis from which a

high-resolution digital elevation model (DEM) is created.



Figure 16. Digital elevation models (DEMs) of the GDPRZ. (A) Hillshade generated
from a 0.25 m DEM. The DEM was generated from the ALSM data acquired by
NCALM and processed using the Points2Grid utility of the GEON LiDAR Workflow

(http://lidar.asu.edu). (B) Standard U.S. Geological Survey 10 m DEM downloaded

from http://seamless.usgs.gov. The much coarser resolution of this DEM compared to

the ALSM-generated DEM of the GDPRZ does not permit the geomorphic analyses of

this investigation to take place at the appropriate scale to the PBRs.

44
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Terrestrial LIDAR Data Acquisition, Processing, and Assessment

Terrestrial LIDAR, also known as Terrestrial Laser Scanning (TLS), employs a
similar workflow as ALSM but instead uses a tripod-mounted laser scanner to scan
complex objects at close ranges and ultra-high resolutions. For the GDPRZ, a Riegl LPM
321 terrestrial laser scanner was used to acquire centimeter-resolution digital topographic
data from two study areas within the GDPRZ. There are two advantages of using this
scanner: (1) reflectors need not be in the scanned area of interest to register individual
scans, providing greater flexibility of spatially configuring the reflectors, and (2) the
scanner’s operational workflow is efficient and streamlined, enabling the alignment and
assessment of all scans directly in the field. The first TLS study area contains PBRs on
hillslopes that flank a small channel (Fig. 17). The second TLS study area contains a
single PBR (Fig. 18). Scans for each study area were translated and rotated into the
scanner’s local 3D Cartesian coordinate system in RiProfile. The resulting point clouds
were then edited by removing irregular features such as prominent trees and power lines,
which resulted in a total of ~5.5 million and ~3.5 million points for the hillslope and PBR
scans, respectively. A more detailed workflow of the scanner setup, scan alignment, field
procedures, and point cloud processing is presented in Appendix B.

For the scanned hillslopes and channel, the IDW method with a 0.05 m grid
spacing and a 0.2 m search radius was used to produce a 0.05-m resolution digital
elevation model (DEM; Fig. 19). No DEM was generated from the single PBR dataset
due to limitations in the current IDW implementation; the software does not handle

excessive overhangs very well (e.g., more than one z elevation value per Xy grid node)
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Figure 17. Location map of TLS scanner positions used to scan a sample channel and
surrounding hillslopes. (A) Overview hillshade created from an ALSM-generated 0.25
m digital elevation model (DEM). Blue box outlines area scanned using TLS. (B) Map
showing the location of the TLS scanner setups. A total of five scan setups were used to
scan a ~60 m by ~100 m area covering PBRs, surrounding hillslopes, and a small
channel. The resulting 5.5 M laser returns were used to generate a 0.05 m digital
elevation model of the landscape using the Points2Grid utility of the GEON LiDAR

Workflow (http://lidar.asu.edu).
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Figure 18. TLS scanner setup for a single PBR. (A) Hillshade created from an ALSM-

generated 0.25 m digital elevation model (DEM). A total of six scan setups were used to
scan a single PBR. (B-C) Examples of two scan positions. (D) Quick Terrain Modeler
screenshot of the resulting ~3.5 M laser returns that represent the 3D shape of the

scanned PBR.
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Figure 19. Hillshade produced from a 0.05 m digital elevation model (DEM). The DEM
was produced from ~5.5 million laser shot returns using the inverse distance weighting

method (IDW) with a 0.05 m grid spacing and a 0.2 m search radius.
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because it was originally designed to generate DEMs from ALSM data (“2.5D” vs. 3D).
In order to place both DEMs in the same geospatial context, a first-order (affine)
transformation was performed using features common to both DEMs (e.g., bushes, joint
intersections, PBRs) and the ESRI ArcMap Georeferencing tool. The fact that the ALSM
and TLS datasets were recorded in the same units (meters) meant that no shrinking or
stretching of either dataset was necessary. This resulted in a fairly accurate geospatial
transformation of the TLS-generated DEM that matched the ALSM-generated DEM well.
PBR Geometric Parameter Estimation and Comparison

The shape of a precarious rock plays an important role in its rocking response to
ground shaking and toppling potential (Anooshehpoor et al., 2004; Purvance, 2005;
Anooshehpoor et al., 2007). The geometric parameters ; and R; (Fig. 13) are used to
describe a PBR’s geometry and are typically estimated or measured in the field.
Recently, 3-dimensional models of PBRs have been produced (Anooshehpoor et al.,
2007; Anooshehpoor et al., 2009; Haddad and Arrowsmith, 2009a; Hudnut et al., 2009b).
However, efforts to create such models require considerable field preparation and post-
processing time, making them impractical for studying large populations of PBRs at the
drainage basin scale, for example. A MATLAB®-based graphical user interface is
developed here that estimates PBR parameters from unconstrained digital photographs of
PBRs and user guidance. This section describes the tool and tests its effectiveness at
estimating these parameters.

An important parameter that is used to model the rocking response of PBRs to

ground motions is slenderness, i (Fig. 13). «; is defined as the angle made by the lines
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that connect the PBR’s rocking points (R;) to its center of mass and the vertical (Fig. 13),
and is used in the equation of motion of a rocking rigid body (i.e. the PBR) due to
accelerating motion at its base (Shi et al., 1996):

1,60 + mgR; sin(e; — ) — MRA (t)sin(e; — 0) = —mR; A (t)cos(e; — 0) (1)

The smallest value of o; for a PBR may be used as a proxy for fragility; the potential for a
PBR to topple increases with increasing slenderness (i.e. small @ are more precarious).
Therefore, the absolute smallest a; value (amin) for a PBR is used to assess PBR
fragilities. Values of a; and R; depend on the azimuthual orientation of an imaginary
vertical principal plane that passes through the PBR’s center of mass (Fig. 20). An
infinite number of local anmin values in each vertical plane are thus present. The challenge,
then, is to find the vertical plane that contains the PBR’s absolute omin.

Estimates of a; and R; are typically made from field measurements of PBRs that
utilize force meters, a plumb bob, measuring tape, and a trained eye (e.g., Anooshehpoor
et al., 2004; Anooshehpoor et al., 2007; Anooshehpoor et al., 2009). Recently,
photogrammetric and terrestrial laser scanning (TLS) techniques have been employed to
capture the 3D geometry of PBRs at decimeter (photogrammetry) and millimeter (TLS)
scales (Anooshehpoor et al., 2009; Haddad and Arrowsmith, 2009a; Hudnut et al.,
2009a). These methods produce spectacular results that are especially valuable to
modeling the 3D rocking response of a PBR to ground motions (e.g., Anooshehpoor et
al., 2007; Anooshehpoor et al., 2009; Hudnut et al., 2009b). However, a considerable
amount of time and field personnel are required for setting up instrumentation, making

these techniques impractical for surveying entire populations of PBRs at the drainage
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Figure 20. Three-view orthogonal depiction of a PBR illustrating the derivation of its
geometrical framework. A PBR can be sectioned along an infinite number of vertical
planes that pass through its center of mass in different azimuths. The azimuthal
orientation of the principal axial plane that contains the PBR’s greatest slenderness
(smallest a;j value) represents the PBR's most likely toppling direction and is thus
assigned to the PBR. RP; = rocking point; CM; = center of mass; FL; = folding line; PA;

= principal axis.



Figure 20, continued

55



56
basin scale. By projecting the PBR onto imaginary vertical principal planes, the 3-
dimensionality of the problem is reduced to 2D and digital photographs of the PBR can
be used to estimate a; and R; along different photograph azimuths (Purvance, 2005). To
accomplish this, a MATLAB®-based tool, PBR_slenderness_DH, was developed that
uses unconstrained digital photographs on which the PBR's rocking points, plumb bob,
scale, and outline are digitized. The tool then returns the estimated 2D center of mass, a;

and R; for the PBR (Fig. 21; Appendix C).
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Figure 21. PBR_slenderness_DH user interface. The program estimates 2D geometric
parameters (. and R,) of PBRs from unconstrained digital photographs taken in the field.
The code is MATLAB®-based and allowed users to interactively digitize the PBR’s

outline, rocking points, plumb bob (for mg reference) and scale.
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Joint Density Analysis

Joint spacing and orientation have long been recognized as important controlling
factors in corestone formation during subsurface chemical weathering of bedrock (e.g.,
Hassenfratz, 1791; MacCulloch, 1814; Linton, 1955; Twidale, 1982). Vertical and
horizontal joint spacing determine the sizes of corestones such that widely spaced joints
produce large corestones and vice versa (Twidale, 1982). This section describes the joint
density analysis that was performed on PBRs of the GDPRZ.

Let us consider the case where a crystalline rock (e.g., granite) is fractured by two
mutually perpendicular Mode I joint sets to form quadrangular bedrock blocks below the
ground surface. Each joint acts as a conduit for chemically active waters sourced from
the hillslope’s local hydrologic setting. Residence time of the water in joint openings
will depend on the local morphology of the landscape (i.e. flat topography, sloping
topography, or a topographic depression), which determines the degree of chemical
weathering that will take place. Once in contact with water, the bedrock block, or
corestone, is progressively weathered along inward-advancing local weathering fronts,
thus leading to a progressive decrease in the corestone’s size. Joint openings also provide
essential habitats for flora and fauna that thrive in several decimeters below the ground
surface (Graham et al., 2010). These further reduce the size of the corestone until it is
completely decomposed if the rate of corestone exhumation is low (Fig 22; Ruxton and
Berry, 1957). Therefore, joint spacing plays a critical role in determining the sizes of
corestones, and hence PBRs, that are produced in the subsurface. Joint spacing is also

critical to the PBR’s survivability of subsurface decomposition prior to being exhumed.



59

Figure 22. Corestone profile development in granitic bedrock. Zone I contains
completely disaggregated corestones (i.e. soil). Zone II contains small corestones in a
grus matrix. Zone III contains large corestones that are recognizably derived from
underlying bedrock. Zone IV is the fractured bedrock with weathering products between
fractures. Hatch marks represent zones of iron oxidation. Modified from Ruxton and

Berry (1957).
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Joint spacing may be represented as a density computed by summing the lengths
of all joints (or fractures) that fall in a circular inventory neighborhood of predefined
radius and dividing the sum by the area of the inventory neighborhood (Fig. 23):

L
tr

pf = 2 (2)

where ps is the joint or fracture density, L is the cumulative length of all joints or
fractures, and r is the radius of the circular inventory neighborhood. Representing joint
spacing as a density instead of the conventional strike-normal distance between joints is
advantageous because it allows for the direct comparison of multiple structural domains
(Davis and Reynolds, 1996). For PBRs, the center of the inventory neighborhood is
aligned to the center of the PBR.

To investigate the existence of a relationship between joint density and PBR
characteristics such as size and slenderness, joint densities for all of the surveyed PBRs in
the GDPRZ were computed remotely using the ALSM-generated DEM and in the field
using one PBR. The remotely computed joint density analysis was performed using three
inventory areas (47 m*, 25z m?, and 100z m?) to explore the effect of varying inventory
neighborhood size on the joint density computations. Joint sets were digitized using the
1-m bare earth DEM and a 1-m color digital orthophoto quadrangle for guidance (Fig.
24). The digitized joints were clipped by the extent of the buffers and their cumulative
lengths were summed and assigned to each PBR. The cumulative joint lengths for each
PBR were then divided by the buffer area (i.e. the inventory area) using the three
inventory radii. The joint density analysis in the field was performed for one of the PBRs

using a 2 m inventory radius.
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Figure 23. Joint density analysis. Joint density is defined as the sum of the lengths of all
joints that lie in the inventory neighborhood of radius r, divided by the area of the

inventory neighborhood.
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Figure 24. Sample location of digitized joints where the joint density analysis was

performed on the surveyed PBRs (yellow dots). The joints were digitized using a 1 m

digital orthophoto quadrangle and the Im ALSM-generated DEM. Three inventory

neighborhood radii were used in this analysis (2 m, 5 m, and 10 m).
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The edge of the circular inventory was marked around the PBRs and the lengths of all
joints that lied in the inventory neighborhood were measured using a measuring tape and
tallied. The sums of all tallied joint lengths were then divided by the area of the
inventory neighborhood (47 m?).
Distance to Paleotopographic Surface

The nature of the unconformable contact between Thb and Yd to the east and the
presence of Thab to the west of the Granite Dells (Fig 5) indicates that basaltic lava
flows blanketed the Granite Dells 13.8 Ma (DeWitt et al., 2008). Furthermore, Yd is in
direct contact with Thb with no soil horizon or development observed in Yd, which
indicates that the Granite Dells formed a paleotopographic surface on which Thb was
deposited 13.8 Ma. The Granite Dells and perhaps the GDPRZ may have been exposed
to their present state following incision of Granite Creek into Thb in the mid(?)- to
late(?)-Quaternary. This therefore allows a space-for-time substitution analysis for the
PBRs to be performed by measuring their distances from the paleotopographic surface;
PBRs near this surface should have older exposure ages than those farther from it because
they (the PBRs nearer the paleotopographic surface) would have been exhumed earlier.
The distance between PBRs and the paleotopographic surface was determined by first
constructing a geologic cross section along the PBR survey transects. The orientation of
the lower contact of Thb was assumed planar and determined using a three-point
problem approach, yielding an attitude of 200, 5° NW (right-hand rule). Assuming the
elevation of the upper surface of ThB to be the minimum elevation of the

paleotopographic surface with an elevation equivalent to the peak of Glassford Hill (1842
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m above mean sea level), PBR distance to the paleotopographic surface can be computed
by subtracting the PBR elevations from 1842 m.
Landscape Morphometric Analysis

A variety of geomorphometric measures may be used to characterize the form of a
landscape and its landforms at the hillslope and drainage basin scales (Ritter et al., 2002).
Landscape morphometry performed using high-resolution digital terrain data (e.g., TLS
and ALSM) affords excellent opportunities to understand tectonic and geomorphic
processes and their rates from the hillslope to the drainage basin scales (e.g., Dietrich et
al., 1992; Dietrich et al., 1995; Roering et al., 1999; Heimsath et al., 2001b; Hilley and
Arrowsmith, 2008; Roering, 2008; Perron et al., 2009).

Morphometric measures, such as local hillslope gradient and drainage area, may
be used to quantify landscapes and the geomorphic processes that operate in them.
Figure 25A is an example of a plot of hillslope gradient versus drainage area that was
computed for a catchment in the Oregon Coast Range using a 4 m DEM (Roering et al.,
1999). This plot, colloquially known as the “boomerang curve”, may be divided into two
sections: (1) increasing contributing area with gradient on divergent elements of the
landscape (hillslopes), and (2) the inverse of this relationship for convergent parts of the
landscape (channels) (Roering et al., 1999). Slope-area space may be further divided into
geomorphic domains that are bounded by slope-area thresholds in which specific
landforms and processes dominate (Fig. 25B) (Dietrich et al., 1992). Important physical
information about the landscape may then be extracted from this type of slope-area

analysis.
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Figure 25. Slope-area plots and landform and process threshold domains for soil-mantled
landscapes. (A) The “boomerang” plot of slope versus contributing area computed over a
4 m DEM by Roering et al. (1999). Black dots represent divergent elements of the
drainage basin (hillslopes). Grey dots represent convergent elements (channels). (B)
Landform and process threshold domains observed and formulated by Dietrich et al.

(1992). SOF = saturated overland flow.
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For a soil-mantled landscape, small contributing areas represent the upper reaches of a
drainage basin near its divide, while large contributing areas represent the lower reaches
of the drainage basin near its outlet (Fig. 26). There are two main advantages for using
this approach for the geomorphic assessment of PBRs. First, it collapses the spatial
context of PBRs so that any systematic patterns of their location in geomorphic space are
brought forth. Second, it allows for the geomorphic setting of PBRs in different
landscapes to be quickly and effectively compared.

The morphometric measures that were used to characterize PBRs are local
hillslope gradient, contributing area per unit contour length, and PBR distance from
nearest channels. Local hillslope gradients were computed using the ESRI ArcMap slope
calculation algorithm and the ALSM-generated DEM. A plane is fittedtoa 3 x 3
elevation grid computation window around a central cell whose local slope is being
computed. The maximum slope value of this plane is then assigned to the central cell and
the computation window is moved to the adjacent central cell (DeMers, 2002). This
process is performed for all raster cells in the DEM and produces a gridded slope map at
the resolution of the DEM (Fig. 27). For the morphometric analyses performed here,
slope maps were computed for different resolutions of the ALSM-generated DEM (1 m
up to 10 m resolutions) to explore the effect of varying DEM resolution on the slope-area
morphometry approach.

Stream channels were defined as grid cells with an upslope contributing area >100

m’ computed using the Doo approach of Tarboton (1997). The Doo flow routing approach
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Figure 26. Anatomical illustration of a soil-mantled landscape using the slope-area
approach. Small contributing areas and slopes correspond to the hillslope elements of a
landscape. Large contributing areas and moderate slopes correspond to the lower reaches
of a landscape (near its outlet). Moderate contributing areas and steep slopes represent
the upper reaches of a drainage basin (near the drainage divide). Inset slope-area plot

was computed from the drainage basin shown on the right.
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Figure 27. Calculating slopes in ArcMap. (A) Hillshade of a 1 m DEM. (B) 1 m slope

computed using ArcMap’s slope algorithm. Structural control on slope is evidenced by

angular zones of near-vertical slopes and quadrangular-shaped near horizontal areas.
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is different to the standard D8 approach in that it flow routing direction into an infinite
number of directions by using a triangular-faceted computation cell. The computation
cell is divided into eight triangular facets and the flow direction for each facet is
computed. The algorithm then searches for the facet with the steepest slope and assigns
the computation cell the flow direction belonging to this facet. This in essence
subdivides the computation cell such that a more realistic flow direction raster is
produced from which drainage area and channel networks may be produced. The D8
approach, on the other hand, discretizes flow to only eight possible directions that
originate from the computation cell’s node at 45° azimuthal angles, thus introducing grid
bias that is otherwise eliminated using the Doo method (Tarboton, 1997).

Another measure that was used to assess the geomorphic location of PBRs is
shortest distance to channels. The distance between each PBR and the nearest stream
channel was computed using the shortest flow routing distance between each PBR and
the stream network. The flow routing algorithm used was the Doo method (Tarboton,
1997) and a stream network computed for a 100 m” critical drainage area. Care was
taken to measure the geomorphically appropriate distance between each PBR and the
nearest channel by measuring the shortest flow path between the PBRs and channels in

the same drainage basin.
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RESULTS AND DISCUSSION

This section presents the results of the analyses that were performed in this
investigation. First, data from the PBR field surveys are presented, followed by a
comparison between the ALSM and TLS data processing and DEM products. These will
be followed by results from the joint density, PBR distance to paleotopographic surface,
and morphometry analyses. Discussions of all of the results are presented in each
section.

PBR Field Data

Appendix D is a database containing field- and laboratory-based data for the
PBRs that were surveyed in the GDPRZ. A total of 261 PBRs were surveyed using the
selection and sampling methods developed in the Tools and Methodology section. The
following section describes the characteristics of the PBRs present in the GDPRZ.

The large variety of shapes and sizes of the surveyed PBRs necessitates some
level of standardization to comparatively assess PBR size. Precarious rock diameter and
aspect ratio (ratio of PBR diameter to height) are useful measurements to represent PBR
size. Figure 28 presents the measured diameters and computed aspect ratios of the PBRs
in the GDPRZ. The mean values of height, diameter, and aspect ratio for the GDPRZ are
1.16 m, 1.32 m, and 1.25 (unitless) with coefficients of variation 47%, 48%, and 40%,
respectively. The relatively wide dispersion of the PBR size data suggests that there is no

set PBR form or shape that is conducive to producing PBRs.
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Figure 28. Probability density functions and histograms of heights, diameters, and aspect
ratios (diameter/height) of the PBRs surveyed in the GDPRZ (261 PBRs). (A) The wide
dispersion of PBR height in the GDPRZ shows that the surveyed PBRs are representative
of a wide range of heights between <0.1 m and 3 m tall. (B) PBR diameter on the other
hand is more centered on ~1.1 m, while a few of the surveyed PBRs had diameters >3.5
m. (C) Aspect ratio (ratio of diameter to height) of the GDPRZ PBRs is most
representative at ~1, suggesting that the most precarious boulders relative to surrounding

boulders are as wide as they are tall.



Figure 28, continued
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Slenderness values (omin; Fig. 13) for all PBRs in the GDPRZ were determined using
photographs taken in the field and processed using PBR_slenderness_DH in the lab
(Appendix C). The mean PBR slenderness value is 29° with a coefficient of variation of
38% (Fig. 29). Similar to the PBR size data, the relatively high dispersion of slenderness
values about their mean suggests that the PBRs of the GDPRZ contain a wide spectrum

of precariousness (Fig. 8).



76

—u
005 —1lo
0045
oo c,=38%
0035
003

0.025

PDF

0.02

Frequency

0.015

001

0.005

0 20 40 60 80 10 20 30 40 50 60

Slenderness (degrees)

Figure 29. Probability density function and histogram of slenderness values (a_. ) of all
surveyed PBRs in the GDPRZ. a_. was computed using PBR_slenderness_DH (see the
Tools and Methodology section). The apparent wide dispersion of PBR slenderness

indicates that the PBRs of the GDPRZ contain a wide spectrum of stabilities.
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Comparison Between TLS and ALSM Datasets

Terrestrial Laser Scanning (TLS) is rapidly becoming an effective three-
dimensional (3D) imaging tool in paleoseismology and active tectonics research (e.g.,
Oldow and Singleton, 2008; Arrowsmith et al., 2009; Hudnut et al., 2009a). When
applied to precarious rocks research, TLS is especially effective for describing the 3D
geometry of PBRs and their geomorphic situation at millimeter and decimeter scales,
respectively. However, the assessment of the geomorphic situation of PBRs at the
drainage basin scale (>10" m?) is best accomplished using Airborne Laser Swath
Mapping (ALSM). In this section, the efficacy of TLS and ALSM at depicting PBRs and
their surrounding landscapes are compared in a sample drainage basin of the Granite
Dells precarious rock zone.

Given the approximately two-orders of magnitude difference in the shot densities
of the ALSM and TLS datasets, how well do they compare in representing PBRs and
their surrounding landscapes? Comparing the two point clouds in their ungridded format
shows that TLS is more effective at depicting PBRs than ALSM (Fig. 30). Individual
PBRs in the TLS point cloud are better resolved because the shot spacing of TLS is far
finer than that of ALSM, resulting in several hundreds of TLS shot returns versus only a
few ALSM returns per PBR. Similarly, the landscapes in which the PBRs are situated
are better represented by TLS than ALSM at the several meters scale. To illustrate this,
terrain profiles were extracted from the ALSM and TLS digital elevation models (DEMs)
that contain PBRs (Fig. 31). The most noticeable difference between the ALSM and

TLS profiles is the paucity of nodes extracted from the ALSM DEM,
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Figure 30. Comparison between TLS and ALSM point clouds. White outlines define the
extent of the sample drainage basin used in the comparison. (A-B) Map views of the
study area. The dense TLS point cloud is superior to the ALSM point cloud at depicting
PBRs and their landscapes. (C-F) Oblique views of part of the study area. PBRs are
represented by tens of points in the ALSM point cloud, whereas they are represented by

several hundreds of points in the TLS point cloud.



Figure 30, continued
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[

Figure 31. Location map of topographic profiles extracted from the ALSM- and
TLS-generated DEMs for comparison. Topographic profiles along lines A-A’ and B-B’
show the superior ability of TLS in representing PBRs on the order of several hundred
points per PBR, versus a few tens of points per PBR for the ALSM dataset. Profile C-C’
shows the finer details of the topography captured by the TLS when compared to the
ALSM profile.
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which creates a significant difference in the level of topographic detail depicted by both
datasets. Local topographic detail such as changes in hillslope gradient and relief
represented by the TLS DEM are finer than those represented by the ALSM DEM.
Which Technology is Most Appropriate to Use?

The appropriate use of ALSM versus TLS to characterize PBRs depends on the
problem of interest and encompasses selecting an appropriate computational length scale
(Fig. 32). Representing a PBR’s geometrical parameters (Fig. 13) and determining its
rocking response to ground motions are best accomplished using the TLS dataset. This is
because the millimeter resolution achievable by TLS is ideal for the digital
characterization of a PBR’s 3D form and geometry, both of which are critical to
modeling the 3D rocking response of a PBR to ground motions. On the other hand, the
overall landscape setting of PBRs at the drainage basin scale is best represented by the
meter-scale ALSM dataset. With the exception of shallow landslides and debris flows,
hillslope processes such as soil production and transport (e.g., root penetration,
tree/cactus throw, burrowing fauna) inherently occur at the meter to several meters scales
(e.g., Heimsath et al., 1997; Heimsath et al., 2001a; Heimsath et al., 2001b; Strudley et
al., 2006). While TLS provides unprecedented 3D representation of PBRs and their local
surroundings, the meter-scale resolution of the ALSM is more appropriate to quantify
their geomorphic settings at the drainage basin scale. Ideally, the digital characterization
of PBRs would utilize a hybrid approach that combines TLS and ALSM technologies.
However, this approach would demand considerable data acquisition efforts for large

populations of PBRs, and so careful targeting of seismically significant PBRs is essential.



86

Figure 32. Hierarchy of computational length scales and their appropriate datum levels
used to assess PBRs. Conventional methods typically used orthoimagery and aerial
photographs to assess PBRs at the entire drainage basin scale. Airborne laser swath
mapping (ALSM) is more effective at assessing the geomorphic setting of PBRs at the
drainage basin scale. Terrestrial laser scanning (TLS) is more suitable for capturing the

3D form of individual PBRs.
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PBR Geometric Parameter Estimation and Comparison Results

The PBR slenderness analysis strongly depends on the choice of azimuth from
which the photograph is acquired. What if the selected azimuth does not contain the
absolute amin estimate of the PBR? Some calibration is needed to aid the user’s judgment
for the azimuth that will likely contain amin. For PBRs whose geometry makes this
judgment difficult (e.g., excessive overhangs), acquiring eight photographs at 45°
azimuthal increments is recommended. Each photograph can then be processed using
PBR_slenderness_DH to determine the PBR’s amin. Once the user’s judgment is
calibrated for selecting an appropriate azimuth, the number of azimuthal increments may
be reduced to increase PBR sampling efficiency.

A possible source of uncertainty in the ¢; and R; values estimated by
PBR_slenderness_DH is the repeatability of the user’s selection of rocking points, plumb
bob, scale, and PBR outline during the digitization process. We performed 100 runs of
PBR_slenderness_DH on a sample PBR photograph to investigate this uncertainty. The
results show that estimates of @; and R; were centered closely around their means, with
coefficients of variation 4.5%, 6.5%, 4.4%, and 4.3% for a1, oz, Ry, and Ry, respectively
(Fig. 33). The small dispersion of the data indicates that the repeatability of o; and R;
estimated by PBR_slenderness_DH for a single user (the author, in this case) is fairly
consistent from run to run.

Another source of uncertainty is the variance of the aj and R; values between
multiple users of PBR_slenderness_DH. Estimates of ¢; and R; may vary considerably

because they are subjected to the user’s judgment of the locations of rocking points,
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Figure 33. Probability density functions and histograms for o, and R, generated by 100
runs of PBR_slenderness_DH for one sample PBR photograph. u = mean; 1 o= one
standard deviation; ¢ = coefficient of variation. (A and C) Dispersion of a, values is
small (C, <6.5%), and (B and D) dispersion of R.is also small (¢, <4.4%), indicating that
the repeatability of the 2D PBR geometrical parameters estimated by

PBR_slenderness_DH is fairly consistent from run to run.
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plumb bob, scale, and the PBR’s outline during the digitization process. To assess this
variance, | asked several scientifically minded volunteers to process a sample of 20 PBR
photographs using PBR_slenderness_DH. All ¢; and R; values reported by the volunteers
were compared to estimated values from my runs using the same sample PBRs (Fig. 34).
The reference estimates compare well with other users’ estimates, producing R* values of
0.92, 0.87, 0.99, and 0.99 for a1, a2, Ry, and Ry, respectively. The large dispersion of the
aj relative to the R; estimates is likely because of the different choices of rocking points
between each user, making o; estimates sensitive to the operator’s choice of rocking
points as suggested by Purvance (2005).

How successfully does my 2D estimation method of a; and Ri compare to those
computed from 3D models of real PBRs? I tested values of @; and R; estimates from
PBR_slenderness_DH against a MATLAB®-based 3D PBR parameter computation tool
that uses 3D models of real PBRs generated by photogrammetry (e.g., Anooshehpoor et
al., 2009). Using six 3D PBR models and 22 viewing azimuths, I compared the
computed ¢; and R; values from the 3D parameter estimation tool to those estimated by
PBR_slenderness_DH (Fig. 35). My 2D estimates compare well to those computed by
the 3D computations, with R? values of 0.82,0.76, 0.99, and 0.93 for a;, ay, Ry, and R,,
respectively. The apparent dispersion of the a; estimates is also likely because of the
sensitivity of a; to my choice of rocking points (Purvance, 2005).

The estimated 2D centers of mass were also compared to the computed 3D
centers of mass for each azimuth (Fig. 36). My 2D estimates of the centers of mass plot

fairly close to those computed from the 3D PBRs. However, PBR_slenderness_DH
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Figure 34. User comparison plots of ¢, and R.. (A) «, plots are more dispersed relative to
the R, plots, showing that o, estimates are sensitive to the code operator’s choice of
rocking points. (B) The high correlation suggests that R, estimates are less sensitive to

the code operator’s choice of PBR rocking points than a..
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Figure 35. Comparative plots of 2D and 3D estimates of PBR parameters. (A) The
apparent large dispersion in ¢, is likely due to its sensitivity to our choice of rocking
points for each PBR, as seen in the user to user comparison (Fig. 34). (B) 2D and 3D
estimates of R, correlate well between the two methods, and do not seem to be sensitive to

our choice of rocking points.
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Figure 36. Comparison between estimated 2D and 3D center of mass locations.
PBR_slenderness_DH appears to estimate the 2D center of mass well compared to the 3D
software. For almost all 3D PBRs, PBR_slenderness_DH appears to overestimate the

height of the center of mass. This is likely due to my choice of rocking points.
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appears to consistently overestimate the location of the centers of mass, especially for tall
and slender PBRs, by a maximum of 8.8% of the heights of the centers of mass.

Given the complex 3D geometrical configuration of my sample PBRs, the above tests
demonstrate that estimates of center of mass, a;, and R; computed by
PBR_slenderness_DH compare sufficiently well with the 3D parameters determined from
real PBRs. This shows that PBR_slenderness_DH is an appropriate @; and R; estimating

tool from photographs of PBRs taken in the field despite its rather crude implementation.
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Joint Density Analysis Results

Given that high joint densities produce small corestones and vice versa, what is
the relationship between joint density and PBR size? Figure 37 presents the distribution
of the remotely computed joint densities for all of the PBRs surveyed in the GDPRZ.
The mean joint densities from the 2 m, 5 m, and 10 m inventory radii are 0.43 m’', 0.39
m’', and 0.34 m™ with coefficients of variation 48%, 42%, and 37%, respectively. The
apparent reduction in joint density dispersion with increasing inventory neighborhood
size is possibly due to the method used to compute joint density (Eq. 2). As the size of
the inventory neighborhood increases, more of the joints become incorporated in the
inventory neighborhood and thus the density computation. If the inventory neighborhood
were increased to the point where all joints lie in it, all PBRs would have the same joint
density value.

Keeping the above in mind, which inventory neighborhood size is most
appropriate for this investigation? Since the surveyed PBRs range in size from 2 to 5
meters in diameter and height, the 5 m radius inventory neighborhood would be the most
appropriate to use. The 5 m radius inventory neighborhood result (Fig. 37) thus suggests
that few PBRs formed in joint densities <0.22 m™ and >0.55 m™, indicating that
structures in the bedrock from which the GDPRZ PBRs were produced were critical to
their formation in the subsurface and production at the surface.

How do the remotely computed joint densities compare to those computed using
field measurements? Figure 38 presents the PBR that was used for this comparison. The

remotely computed joint density value for this PBR is 0.62 m™ (2 m radius inventory
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Figure 37. Probability density functions for p, computed over 2, 5, and 10 m radius
inventory neighborhoods. u = mean; 1 ¢ = one standard deviation; ¢ = coefficient of
variation. (A and D) Dispersion of p, for the 2 m radius inventory is quite large (C, =
48%), while (B and E) dispersion of p, for the 5 m radius inventory is slightly lower (c, =
42%). (C and F) Dispersion of the 10 m radius inventory (C, = 37%) is the lowest out of
all, suggesting that the larger the inventory radius, the more uniform the population of the

joint densities for the PBR becomes.
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Figure 37, continued
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Figure 38. Location of the PBR used to compute joint density from field measurements.
(A) Hillshade of the 0.25 m DEM with the PBR shown. (B) Digitized joints and the 2 m
radius inventory neighborhood overlain on the PBR. Joint density, pr, for this PBR was
remotely computed to be 0.62 m™'. (C) The ps value that was computed using field
measurements is 1.58 m™. A possible source for the greater field-computed joint density
value is the presence of small-scale joints that were included in the field measurements

but not digitized and thus not included in the remotely computed joint density.
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Figure 38, continued
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neighborhood), whereas the joint density calculated using field measurements was 1.58
m’'; an almost 250% increase. The large discrepancy between the two measurements is
likely due to the fact that the remote computations of PBR joint densities (i.e. using the
DEM and aerial photograph) capture only large-scale joints. Even though the finest
DEM (resolution 0.25 m) was used to digitize the joints, it was not sufficiently fine to
illuminate small-scale joints immediately around the PBR (Fig. 38). Hence, the
cumulative length of the joints is significantly underestimated and so the joint densities
computed using the remote method may be significantly smaller than what they are in
reality.

It must be noted that the above results are to a first-order basis because of several
reasons. First, the joint density analysis was performed in 2D for the vertical joint sets
alone. Because the process of corestone development in the subsurface is inherently
three dimensional, a more appropriate approach would be to perform the same analysis
on the horizontal joint sets to compute 3D joint densities for the PBRs. However, given
the fact that the amount by which the PBRs’ heights were reduced prior to exhumation is
unknown and the inability to accurately locate the horizontal joint sets that bind the tops
of the PBRs, a complete 3D joint density analysis may not be possible. Second, the
PBRs may have undergone spatially varying degrees of chemical weathering in the
subsurface prior to being exhumed and thus fine details of any relationships between joint
density and PBR size may not be directly illuminated from these observations. However,
the above results do provide a basic quantification of joint density that may be used to

assess how it may influence the physical characteristics of a PBR.
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Distance to Paleotopographic Surface Results

The paleotopographic surface from which the PBRs in the GDPRZ were produced
is the upper surface of unit Thb (Fig. 5). Therefore, a space-for-time substitution using
PBR distances to the paleotopographic surface may allow for a first-order estimation of
the PBRs’ exhumation ages. If we assume this surface were horizontal, PBR distances
may be computed by subtracting their elevations from the elevation of the
paleotopographic surface (1842 m; Fig. 39). Figure 40 illustrates the distribution of PBR
distances to this surface. The mean distance of PBR to the upper surface of Thb is
248.48 m with a 10% coefficient of variation. Using the space-for-time substitution
approach, the small dispersion of PBR distances from the paleotopography about their
mean may suggest that they were exhumed in a relatively short period of time following
the entrenchment of Granite Creek. However, this interpretation is made to a first-order
basis because of the assumption made that the upper surface of Thb was planar and
horizontal. It is likely that this surface dipped gently away from the Glassford Hill

volcanic center during eruption of the lava 13.8 Ma.
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Figure 39. Geologic cross section along line A-A’ across the Granite Dells Precarious
Rock Zone. The elevation of the paleotopographic surface is assumed to be the upper
surface of Thb and horizontal. Elevations of the PBRs were subtracted from the

elevation of this surface to compute PBR distance to the paleotopographic surface.
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Figure 40. Probability density function and histogram of PBR distances to the
paleotopographic surface of unit Thb. Distances to the paleotopography were computed
by subtracting the elevations of the PBRs from the highest elevation of ThB in the
GDPRZ. The low coefficient of variation C, indicates that the surveyed PBRs are located

in a narrow range of distances to the paleotopographic surface (mean of 248 m).
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Landscape Morphometric Analysis Results

It is important to note that the landform and process threshold approach of
Dietrich et al. (1992) may not be indiscriminately applied to landscapes that contain
PBRs because of two reasons: (1) To date, only soil-mantled landscapes have been
characterized using the slope-area approach. The studied PBRs, on the other hand, are
preserved in etched bedrock landscapes that contain no, if not very little, soil cover. (2)
The slope-area approach assumes that the landscape is in dynamic denudational
equilibrium. Therefore, present-day geomorphic processes bounded by the landform and
process thresholds may not apply to PBRs because they (the PBRs) are preserved in a
pre-existing etched landscape (the Granite Dells; Fig. 5). However, the slope-area
morphometry approach for PBRs allows us to extract, on a first-order basis, fundamental
yet important characteristic information about their present-day geomorphic location and
preservation in drainage basins.

Figures 41 and 42 present the distributions of local hillslope gradients and
contributing areas (per unit contour lengths) in which PBRs are preserved. To a first
order, the PBRs appear to be located on hillslope gradients between 10° and 45°, and
contributing areas per unit contour lengths between 1 m and 80 m. Using the slope-area
approach, where might we expect to find PBRs with respect to the drainage network?
Figure 43 shows the locations of PBRs relative to channels for select sections of the
survey transect (Fig. 9). Qualitatively, PBRs appear to be located near the rims of local

basins and drainage divides.
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Figure 41. Histograms of slopes computed from 1 m, 3 m, 5 m, and 10 m DEMs (red)
and their associated PBRs (green) for bin size of 50 counts. PBRs appear to be preserved
on hillslope gradients between 10° and 45°. The apparent reduction in slope frequency
and range with increasing DEM resolution is due to the smoothing effect of increasing

the computational length scale.
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Figure 42. Histograms of contributing areas computed using 1 m, 3 m, 5 m, and 10 m
DEMs (red) and their associated PBRs (green) using a 100 m? critical drainage area.
PBRs appear to be preserved on contributing areas (per unit contour length) between 1 m

and 80 m.
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Figure 43. Sample drainage network maps with surveyed PBRs. Channels were
computed for grid cells with contributing areas >100 m® using the Doo method described
in Tarboton (1997). PBRs appear to be located near the rims of local basins and drainage

divides. Few PBRs are located near channels.
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To extend this observation quantitatively, slope-area morphometry was performed for
PBRs and their surrounding landscapes. The slope-area analyses were performed on
DEMs that were progressively resampled by 1-m increments to explore which
computational length scale is most appropriate for assessing the geomorphology of PBRs.
Figure 44 shows the computed slope-area plots for the PBRs and the landscapes in which
they reside. Non-PBR slope-area values (black dots in Fig. 44) are scattered across a
wide spectrum of contributing areas and local slope angles. This is unlike the more
defined boomerang plot (Fig. 26), and likely reflects the stark difference in the type of
landscapes analyzed. As mentioned above, boomerang slope-area plots are generated
from soil-mantled landscapes that contain convexo-concave hillslopes bounded by
channels. PBR landscapes in the GDPRZ on the other hand are etched and largely joint
controlled, resulting in an angular drainage pattern and joint-controlled hillslope form;
hillslope angles range from near vertical to near horizontal (Fig. 45).

PBR slope-area values (inverted blue triangles in Fig. 44) appear to be clustered
in the bottom-right corner of the slope-area plots. Contributing areas between 1 m and 30
m (per unit contour length) and slopes between 10° and 45° appear to be typical for the
surveyed PBRs. For PBR landscapes, and hence etched bedrock landscapes, this seems
to correspond to the upper reaches of catchments (small contributing areas) on a gentle to
steep joint-controlled spectrum of drainage divide gradients (Fig. 46).

Which computation cell size is most appropriate for this analysis? The 1-5 m
morphometry analyses appear to be the most appropriate computational length scales

because they show the clustering of PBR slope-area values distinctly within the overall
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Figure 44. Log-log plots of local hillslope angle versus drainage area for PBRs and their
surrounding landscapes. Black dots represent slope-area values computed for each DEM
grid resolution (1 to 10 m grid spacing). Upside down blue triangles represent slope-area
values for the PBRs, also computed for each DEM resolution. Note the smallest possible
values for contributing areas for each plot is equal to the length of the grid cell side. This
is because contributing areas are computed at the resolution of the DEMs. Slope-area
analyses performed on the 1 to 5 m scales appear to be the most appropriate
computational length scales. The clustering of PBRs in the bottom-right corner of the
plots shows they are situated in low drainage areas (high up the drainage basin) and on

local slope values between 10° and 45°.
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Figure 45. Examples of the wide spectrum of local hillslope gradients present in the
GDPRZ. Hillslope gradients are strongly controlled by vertical and horizontal joint sets,
causing the slope-area plots (Fig. 44) to contain a wide range of local hillslope gradient
values. Yellow star in in-set slope-area plot represents the location of the examples in

slope-area space.
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Figure 46. Oblique views of drainage basins containing PBRs in etched bedrock
landscapes of the GDPRZ and a PBR slope-area plot computed from a 2-m DEM. PBRs
are located in parts of the landscape that have low contributing areas and slopes that
range between 10° and 45°. This corresponds to the upper reaches of the drainage basins

near gentle and steep catchment divides.
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slope-area space. Slope-area computations for PBRs performed on DEM resolutions >5
m tend to spread out the PBRs in slope-area space. This is likely due to the smoothing
effect of reducing the computational resolution of slope and area when the coarser DEMs
are used.

Figure 47 presents the distribution of PBR distances to nearest stream channels.
The mean PBR distance to its nearest stream channel is 7.42 m with a coefficient of
variation of 70%. The large dispersion of PBR distances to channels from the mean
suggests that, to a first-order basis, there is no characteristic distance to nearest channel
for the surveyed PBRs. However, visual inspection of the histogram in Figure 47 shows
that the majority of PBRs surveyed in the GDPRZ are located less than 5 m from their

nearest channel.
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Figure 47. Probability density function and histogram of PBR distances to channels.
Distances to channels was measured using the Doo flow routing algorithm (Tarboton,
1997). The very high coefficient of variation ¢ indicates that the surveyed PBRs are
located in a wide range of distances to channels. However, visual inspection of the

histogram suggests that most PBRs appear to be located less that 5 m from channels.
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What Controls PBR Slenderness?

The wide range of PBR slenderness (Fig. 29) may be a controlled by several
geologic and geomorphic factors. These include the local hillslope gradient and drainage
area in which the PBR is preserved, joint density, PBR size, PBR distance to the nearest
channel, and PBR distance to the paleotopographic surface. To explore the degree of
influence these controls have on PBR stability, amin values for each PBR is plotted against
the different controlling characteristics. amin values were estimated using
PBR_slenderness_DH (see the PBR Slenderness Estimation and Comparison section;
Fig. 21). The reader is reminded that small amin values correspond to higher PBR
precariousness and thus lower PBR stability and increased fragility (Fig. 13).

Figure 48 shows slenderness as a function of local hillslope gradient. The lack of
a relationship between local hillslope gradient and PBR slenderness suggests that a
PBR’s level of precariousness is not controlled by local hillslope gradient. Furthermore,
it shows that very few PBRs exist on hillslopes greater than 40°. This may imply that
hillslopes steeper than 40° increased the slope-dependant soil and corestone/PBR
production rates. As a result, PBRs that formed on hillslopes steeper than 40° early in
their lifecycles may have toppled at a time closer to their formation compared to PBRs
that are still preserved in the GDPRZ. Figure 49 presents slenderness as a function of
contributing area per unit contour length. Similar to the effect of local hillslope angle on

PBR slenderness, PBR slenderness does not seem to be controlled by contributing area.
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Figure 48. PBR slenderness as a function of local hillslope gradient computed over 1 m,
3 m, 5 m, and 10 m DEM resolutions. PBR slopes appear to be dispersed about a linear
relationship (black line), suggesting that local hillslope gradient does not have any

apprent control on PBR slenderness.
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Figure 49. Slenderness as a function of contributing area per unit contour length
computed over 1 m, 3 m, 5 m, and 10 m DEMs using the Doo method of Tarboton (1997).
The wide spectrum of PBR slenderness across contributing areas implies that no
relationship exists between PBR slenderness and contributing area. However, these plots
show that PBRs are preserved near the upper reaches of drainage basins, as shown by the
greater scatter density between 10 and 30 m (per unit contour length) contributing area

range.
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Figure 50 shows slenderness as a function of joint density. The joint density
values used in this plot were computed using the 5 m radius inventory neighborhood (see
the Joint Density Analysis section and Fig. 23). No apparent relationship appears to exist
between joint density and slenderness. This implies that a PBR can have a wide range of
omin regardless of how densely jointed the bedrock from which it formed is. However,
since the method used to compute PBR joint density is two dimensional (i.e. only vertical
joints were included) and does not compare well with field-computed joint density, this
interpretation is made on a first-order basis.

Figure 51 is a plot of slenderness as a function of PBR height. For the PBRs
surveyed in the GDPRZ, slenderness appears to decrease as PBR height increases. This
suggests that tall PBRs are less stable, which is likely due to their higher centers of mass
relative to those of shorter and more stable PBRs. Conversely, omin appears to increase
with increasing PBR diameter, implying that wide PBRs are more stable than slimmer
ones. A more appropriate way to assess the control of PBR size on slenderness is to use
PBR aspect ratio. A PBR’s aspect ratio is computed by dividing its height by its
diameter. The closer the aspect ratio is to 0, the more slender (and precarious) the PBR’s
shape is and the closer the ratio is to 1 the more cubic (and stable) the PBR’s form is.
Figure 51 also shows that amin increases with increasing aspect ratio. This confirms that

slender PBRs in the GDPRZ are more precarious than their cubic counterparts.
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Figure 50. Precarious rock slenderness (a. ;) versus joint density computed using a 5 m
radius inventory neighborhood computed remotely (see the Joint Density Analysis
section for how joint densities were computed). The lack of apparent correlation between
joint density and PBR slenderness suggests that a PBR may vary in its level of
precariousness regardless of the joint density present in the bedrock from which it

formed.
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Figure 51. Precarious rock slenderness (a. ;) versus various size measurements (height,
diameter, and aspect ratio). Slenderness decreases with increasing PBR height,
suggesting that tall PBRs are more precarious. Slenderness appears to have a weak
positive relationship with diameter; as PBR diameter increases slenderness increases as
well. This implies that wider PBRs are more stable than narrow ones. Aspect ratio
appears to have a positive correlation with PBR slenderness, confirming that tall and

slender PBRs are less stable than short and wide ones.
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Figure 52 shows slenderness as a function of the PBRs’ shortest distances to
stream channels. No correlation between omin and PBR distance to channels appears to
exist. This likely suggests that the geomorphic location of PBRs relative to channels is
not a controlling factor for their stability. Figure 53 presents slenderness as a function of
PBR distance to the paleotopographic surface. The lack of a correlation between the two
along with the assumption that distance to the paleotopographic surface is a proxy for a
PBR’s exhumation age suggests that the exposure age of a PBR does not influence its
degree of precariousness. However, this interpretation is made on a first-order basis
given that the geomorphic evolution of the PBR pedestal that may alter its configuration

and thus precariousness is not accounted for in the space-for-time substitution approach.
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Figure 52. Slenderness as a function of the shortest distance to a channel. Shortest
distance to a channel was computed using the Doo flow routing method (Tarboton, 1997)
and the 1| m DEM. The apparent lack of correlation between PBR shortest distance to
stream channels and o, . may suggest that PBR stability is not controlled by their

proximity to nearby channels.
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Figure 53. Precarious rock slenderness (« ;) versus PBR distance to the
paleotopographic surface of Thb. There does not seem to be any apparent relationship
between PBR slenderness and PBR distance to the paleotopographic surface, suggesting

that PBR age does not have a strong control on o .
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Proposed Conceptual Geomorphic Model

Seismologic understanding of how PBRs respond to earthquake-generated basal
excitations is quite thorough and complex when compared to current understanding of the
processes that form and preserve PBRs (Purvance, 2005). To date, the seismological
community refers to the classic two-stage conceptual geomorphic model (e.g., Linton,
1955; Thomas, 1965; Twidale, 1982, 2002) for PBR formation. As mentioned earlier,
this rather simple model lacks some fundamental process components that play critical
roles in the PBR geomorphic lifecycle. Given the existing robust scientific body of
process geomorphology at the hillslope and PBR scales (e.g., Dietrich et al., 1992;
Dietrich et al., 1995; Heimsath et al., 1997; Roering et al., 1999; Heimsath et al., 2000,
2001a; Heimsath et al., 2001b; Bierman and Caffee, 2002; Roering, 2008), it may be
worth progressing on to more advanced and descriptive conceptual geomorphic models
for PBRs.

A new process-based conceptual geomorphic model for PBR formation is
proposed here (Fig. 54). The model’s conceptual framework is derived for the case of
steady-state landscape lowering and PBR emergence to illustrate the fundamental
mechanistic processes that produce PBRs. The continuity equation for the mass of a
vertical column of soil, assuming no mass is lost to solution, is (Dietrich et al., 1995):

oh 0z, ~
0 ——p 2B _ VY 3
° ot "ot % ®)
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Figure 54. The proposed process-based conceptual geomorphic model for PBR

formation. The model couples corestone and soil production from bedrock,

% =P kv , with the linear slope-dependant soil flux, , = —p,KVz, and PBR
Pr

production at the ground surface. The conceptual model is formulated for a hypothetical

PBR-covered hillslope at steady state to illustrate the fundamental processes that operate

during PBR production. e is elevation of the soil-bedrock interface. h is steady-state soil

thickness. z is the ground surface elevation. ps and p; are soil and rock bulk densities,

respectively. K is the diffusion coefficient. @ is the sediment transport flux. Vis the

sediment transport flux divergence. € is the hillslope angle.
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where h is the slope-normal soil thickness (secant of the slope angle), % is the rate of

bedrock to soil conversion, V is the divergence vector (82 + ﬁij , 0, 1is the downslope
X oy

soil mass flux vector, and p, and p, are the bulk soil and rock densities, respectively.

Early field observations by Davis (1892) and Gilbert (1877) suggested the origin of
convex landforms by sediment transport via mass flux that is linearly related to slope:

g, = -p.KVz (4)
where K is the diffusion coefficient and z is the ground surface (Fig. 54). At steady state
conditions where soil thickness is constant throughout the hillslope (ah /ot = O), Equation

3 may be simplified to produce the following relationship between soil production and
sediment divergence (Heimsath et al., 2001b):

% __Ps gy (5)
ot

Pr
It must be noted however that the steady-state assumption may not always be the case,
and that two-step catastrophic tor (e.g., Heimsath et al., 2001a) and PBR (e.g., Rood et
al., 2008; Rood et al., 2009) emergence rates have been observed in the field.

The above relationships describe the general mechanistic hillslope processes
involved in landscape evolution at steady state. Their successful application to the
formation and emergence of tors (e.g., Heimsath et al., 2000, 2001a) suggests that they
may also be successfully applied to improve our interpretations of PBR exhumation
histories from observed surface exposure ages. Given that surface exposure dating of

PBRs and their pedestals can become financially taxing, it may only be feasible for
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current investigations to date but a very limited number of PBRs in a precarious rock
zone. Therefore, the temptation to apply a single PBR exhumation reconstruction to an
entire PBR population in a sample precarious rock zone may be strong. However, the
soil and corestone production and transport rates described above, along with PBR
emergence rates, closely rely on the geomorphic state of the landscape.

Precariously balanced rocks can be exposed at different rates depending on their
geomorphic settings. Figure 55 illustrates the results of a one-dimensional hillslope
profile development model (Hilley and Arrowsmith, 2001) for a 10,000-year simulation
of a PBR-containing hillslope. Two scenarios were explored: (1) a variable soil transport
rate with soil production held constant, and (2) a variable soil production rate with soil
transport rate held constant. For the first scenario (top right panel of Fig. 55), soil
transport rate was increased from 1 x 10° m*/yr to 1 x 10 m*/yr and shows that as soil
transport rate is increased, the PBR emerges to the surface and is reduced in height by
~0.5 m. In the case of the second scenario where soil production is increased from 8 x
10 m/yr to 8 x 10™ m/yr (bottom right panel of Fig. 55), the rate of conversion of
bedrock to soil is too high for the proto-PBR (i.e. corestone) to survive and emerge to the
surface; it instead completely decomposes to soil, thus forming a smooth convex hillslope
profile. This therefore indicates that the geomorphic process rates present in a landscape
containing PBRs can affect their surface exposure ages, exhumation rates, and ultimately
their Tpgr estimates. How can this affect the seismic utility of PBRs? Incorrect
interpretations of PBR and pedestal exposure ages may lead to incorrect interpretations of

Tpggr, thus leading to incorrect reconstructions of PBR exposure histories.
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Figure 55. Simulation results from a one-dimensional (1D) hillslope development model
(Penck1D; Hilley and Arrowsmith, 2001) for an example PBR. The left panel shows the
initial form on the hillslope. The right panel shows the final forms of the hillslope and

PBR after a 10,000 year model run using variable soil transport and production rates.
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In the context of the utility of PBRs to seismic hazard analysis validation, overestimating
Tper (i.e. the PBRs have been apparently precarious for a long time) may lead to
overestimating the time since the occurrence of the last large PBR-toppling ground
motion event and thus may suggest an underestimation in the exceedance probability of
the ground shaking intensities modeled by PSHAs. Conversely, underestimating Tpggr
(i.e. the PBRs have been apparently precarious only recently) runs the risk of
underestimating the occurrence time of the most recent PBR-toppling large earthquake
and hence an overestimation of PSHA modeled exceedance probabilities of ground
shaking. Unless thorough reconstructions of a significant number of PBR emergence
rates from exposure dating are coupled with extensive landscape morphometry efforts
(e.g., Heimsath et al., 2001a; Heimsath et al., 2001b), the current observed PBR

exhumation rates must be interpreted with caution.
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CONCLUSIONS

The geologic and geomorphic settings of PBRs are explored using field- and
laboratory-based methods in a precarious rock zone. Field methods include developing
and applying a PBR sampling workflow that was efficiently applied to a large population
of PBRs at the drainage basin scale. Laboratory-based methods involve the development
and application of PBR 2D stability estimation software, airborne and terrestrial LiDAR
data processing and analysis, joint density analysis, distance to paleotopographic surface
analysis, landscape morphometric analyses, and investigation of what controls PBR
stability. The PBR_slenderness_DH software allows for an efficient and relatively
accurate estimation of PBR slenderness at spatial scales that would otherwise not be
possible using TLS or photogrammetry. The utility of PBR_slenderness_DH is
demonstrated by the slenderness assessment of a large quantity of PBRs. Even though it
does not achieve the level of detail required to judiciously model the rocking response of
PBRs to ground motions that TLS and photogrammetry can achieve,
PBR_slenderness_DH may be useful in reconnaissance studies that are in search of PBR
candidates for future TLS and/or photogrammetry efforts. It can also be useful to
estimate the stability of PBRs that pose accessibility restrictions. The airborne and
terrestrial LIDAR datasets were tested for their effectiveness at quantitatively extracting
fundamental PBR characteristics. The terrestrial LIDAR dataset proves most useful at
characterizing the PBR form and its local morphologic setting at the meter scale, while
the airborne LiDAR dataset proves most effective at characterizing the overall setting of

PBRs at the landscape scale (several meters). Morphometric analyses performed on the
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airborne LiDAR dataset reveal that PBRs are preserved in the upper reaches of drainage
basins of etched landscapes. PBRs are found to reside in a wide range of hillslope
gradients, which is likely indicative of the wide spectrum of hillslope gradients present in
the analyzed joint-controlled etched landscapes. The investigation of what controls PBR
slenderness reveals that local hillslope gradient, contributing area, joint density, PBR
distance to stream channels, and PBR distance to the paleotopographic surface do not
affect the stability of a PBR. However, the size and shape of a PBR appear to be the
most important factors that control its slenderness. A new conceptual geomorphic model
for the formation of PBRs is proposed. The model couples corestone and soil production
from bedrock with the linear downslope soil flux and PBR production at the ground
surface. The conceptual model is formulated for a hypothetical PBR-covered hillslope at
steady state to illustrate the fundamental processes that operate during PBR production.
A numerical implementation of a one-dimensional hillslope development model is used
to show that changing the rates of soil production and transport in a PBR-containing
landscape affects the emergence of PBRs; high soil transport rates speed up the
geomorphic lifecycle of PBRs while high soil production rates completely decompose
PBRs in the subsurface. This work is expected to help the seismological community
view PBRs from a contemporary geomorphic standpoint so that interpretations of Tpgr
may be made with greater confidence. Precariously balanced rocks need to be viewed as
critical components of a geomorphic system that is nested within a larger seismotectonic

system, as opposed to mere isolated data points within a fault zone.
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APPENDIX A

PBR DATA ENTRY SHEET
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APPENDIX B

DOCUMENTATION FOR THE USE OF TERRESTRIAL LASER SCANNING IN

PRECARIOUS ROCK RESEARCH
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INTRODUCTION

This report presents field and laboratory procedures and results from our Summer
2009 terrestrial laser scanning (TLS) efforts in the Granite Dells precarious rock zone
(GDPRZ) near Prescott, AZ. This document will experience several upgrades as I
become better acquainted with TLS scanning methodologies. Contact me (email address
provided above) for the most recent version of this report.

Two scans were carried out using the Riegl LPM 321 terrestrial laser scanner
(Fig. B1). The objectives of this study were to:

1. Test the effectiveness of TLS in capturing the geometry of a single PBR and its
pedestal, including the PBR-pedestal interface, PBR volume, surface area,
centroid, and slenderness.

2. Compare the slenderness estimation method of a PBR from TLS with
PBR_slenderness_DH (see Appendix C).

3. Evaluate the effectiveness of TLS in capturing the morphologic situation of PBRs
in a landscape at the centimeter scale.

Post-processing of the raw data was carried out using the Riegl RiProfile software
that was provided with the scanner.

Figure B1. The Riegl LPM 321 terrestrial laser scanner in action.
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GENERAL CONSIDERATIONS FOR FIELD SETUP
The following section describes factors that need to be considered during the field
protocol for scanning PBRs using a TLS scanner.

Factors affecting scanner setup

The Riegl LPM 321 is a long-range terrestrial laser scanner that is designed to
scan objects between ~2.5 m and ~6000 m distance. It is operated by a Panasonic
Toughbook with the Riegl RiProfile software installed. Both scanner and computer are
powered by a 12V power supply. The scanner and computer communicate using a TCP
IP cable connection. The scanner's mounted camera communicates with the computer via
a USB cable connection.

The relatively heavy weight of the LPM 321 terrestrial laser scanner has
important implications for its portability, especially in remote locations. Transportation
of the scanner on foot is facilitated by a custom-made backpack that is designed to house
the scanner and scanner accessories in an industrial-grade foam casing. The backpack,
scanner, and scanner accessories make up a total load of ~31 kg (~70 Ibs). This does not
include the laptop, tripod, batteries, battery chargers, targets, and target tripods. It is thus
highly recommended to have extra field personnel to carry the scanner’s supporting gear.

The efficient operational workflow of the LPM 321 makes it an ideal terrestrial
laser scanner for remote field sites. The operation workflows of the scanner setup,
operation, and data alignment are relatively straightforward. Scan acquisition, target
identification, and scan registration and alignment can all potentially be carried out in the
field. However, this is not recommended unless there is ample power supply available.

Factors affecting target setup
There are some very important considerations to make prior to embarking on a

TLS expedition. Perhaps one of the most important considerations is placement of the

targets. The following list includes some of these considerations. It is not intended to be

comprehensive because the factors that affect target setup ultimately depend on the local
environment of the object to be scanned.

1. Georeferencing accuracy and repeatability will differ from scanner to scanner.

2. At least three targets are needed to align all PBR scans as an absolute minimum. It is
highly recommended to use more than three targets in case one of them falls or shifts
during a scan, which would render all scans (and the entire TLS effort!) unfruitful.

3. Visibility of the targets from the scanner’s position. The scanner needs to “see” a
bare minimum of three targets to successfully align the scans. But, it is highly
recommended that the scanner sees at least five targets during every scan.

4. One of the many advantages of the LPM 321 terrestrial scanner is that its targets do
not need to be set up directly in front of the object being scanned. They can instead
be set up anywhere around the scanner (even behind it) as long as the scanner can see
the targets from ALL scan positions.

5. The target configuration should not be in a straight line, but should be spread them
out as much as possible to attain maximum flexibility with your choice of scanner
locations.
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SETTING UP AND OPERATING THE RIEGL LPM 321

Carrying and transporting the scanner
The Riegl LPM 321 comes with a custom-built backpack manufactured by
McHale & Company (if requested from the Cybermapping Laboratory of UT Dallas).
The backpack is fitted with an industrial-grade foam casing that protects the scanner and
accessories. The backpack’s adjustable shoulder and waist straps allow for a secure and
comfortable transportation on foot.
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The Riegl LPM 321 scanner accessories

Local Area Network (LAN) connection cable.
Camera power supply cable (optional).
Power supply splitter cable.

Power supply alligator cable.

Joystick.

Sighting scope.

Data and power supply cable.

USB extension cable.

PN D=
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. Local Area Network (LAN) connection cable.

. Camera power supply cable (optional).

. Power supply splitter cable.

. Main power supply cable.

. Joystick.

Sighting scope and lens cap.

. Data and power supply connection cable.

. USB extension cable.




163

Assembling the Riegl LPM 321 hardware and accessories

Step 1. Set up the tripod. Make sure the tripod’s legs are locked tight and sunk into the
ground. If the tripod is set up on ground that has little to no soil cover, ensure that the
tripod legs are securely wedged between joints/fractures/anything stable. The scanner
position must remain fixed during every scan session. More importantly, it is imperative
that the scanner be secured well to reduce the risk of it being knocked over and getting
damaged (or worse, injuring nearby personnel).

Step 2. Secure the tribrach to the tripod.
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Step 3. Make sure the tribrach is level by tightening/loosening the leveling screws until
the bullseye bubble is level. This can also be done after mounting the scanner, but is
generally easier to do before.
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Step 4. Make sure the tribrach lock is opened (triangle is pointing up). If it is locked,
turn it counterclockwise such that the triangle points up.

Step 5. Carefully mount the scanner. Make sure the three mount prongs located at the
bottom of the scanner are completely inserted into the three holes of the tribrach. It is
always a good idea to have someone nearby serve as a “spotter” when mounting the
scanner, especially if the scan position is set at or above shoulder level.
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Step 6. Lock the tribrach by turning the lock clockwise (triangle pointing down).
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Step 7. Mount the sighting scope on the scanner. Don’t forget to remove the lens cap
and place it somewhere safe so you don’t lose it. To release the scope, press the ball-and-
bar lever and rotate the scope clockwise.
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Step 8. The scanner has two permanently attached cables; a USB cable to transmit data
between the camera and computer, and the camera’s power cable.

Step 9. Connect the camera’s USB cable to the USB extension cable and computer.
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Step 10. Connect the LAN cable to the scanner and computer’s Ethernet port.

Step 11. Connect the joystick to the scanner.

Step 12. Connect the Power & Data cable to the scanner.
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Step 13. Connect the splitter cable to the main power cable.

Step 14. Connect the camera power and scanner power cables to the splitter/main power
cable.

Step 15. Connect a 12V battery to the alligator clips of the main power cable.
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Step 16. Step back and make sure the cable configuration is correct. Ensure all cable
connections are secured and that none of the cables have the potential of getting snagged
by the tripod’s legs (or trees, bushes, etc.).
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Setting up the targets

Refer to the “Factors affecting target setup” section of this report for some
important considerations to make before setting up the targets in the field. Reflective
targets are vital to successfully merging/aligning all of the PBR scans into a single point
cloud. The Riegl RiProfile software requires at least three reflective targets as an
absolute minimum to align all scans. Failure to successfully reference at least three
targets can render the data (and all the hard work!) useless because the final PBR point
cloud would not be created. Also, it is advisable that as many targets as possible be set
up in the vicinity of the scanner to maximize the flexibility of the number and locations
of scan positions.

A total of six targets were used in the GDPRZ and included 5°-tall, 2”’-diameter
white PVC pipes with reflective 2”-wide adhesive-backed tape adhered to their tops (Fig.
B2). Each target was marked by a unique number of black electrical tapes to facilitate
target identification in RiProfile. All targets were made stationary by securing them with
zip ties to wooden stakes. The stakes were then sunk into the ground for maximum target
stability. In areas of low to no soil cover, the targets were wedged in joint openings.

Figure B2. Two of the six targets and wooden stakes used in the GDPRZ TLS scans.

The GDPRZ TLS efforts included two scan locations: (1) scans of a small channel
and adjacent PBR-covered hillslopes and (2) scans of a single PBR. The following list
describes the workflow for each TLS location:

1. Setup and secure all targets. Make sure they are as stable and stationary as possible.

2. Take waypoints of target positions using a hand-held GPS.

3. Select a location for the scan. At least five targets should be visible from this
location (see discussion above regarding target location selection).
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Set up scanner, laptop, and power supply.

Take GPS waypoint of scanner position**,

Scan and name each target uniquely in RiProfile.

Begin the scan of the PBR at the desired resolution. Keep a close eye on power
supply, scanner temperature, and anything that might snag any cables. Make sure no
one walks in front of the scanner while it is scanning!

8. When the scan is complete, adjust camera contrast and acquire digital photographs.
9. Breakdown the scanner, relocate to a new scan position, and repeat from Step 3.

Nowne

**Note: I did not use a RTK GPS setup for these TLS efforts because I did not have the
necessary equipment. Typically, RTK GPS is used to achieve the maximum scanner and
target accuracy possible to minimize the merging/aligning errors in the final point cloud.
For my PBR scans, the final merged point cloud was used to create an ultra-high 0.05 m-
resolution DEM using the GEON LiDAR Workflow (P2G software; http://lidar.asu.edu).
The DEM was georeferenced to the ALSM-generated DEM in ArcMap in 2D. [ am in
the process of writing some MATLAB® scripts to transpose the final TLS point clouds
into a real coordinate system in 3D.

GRANITE DELLS PRECARIOUS ROCK ZONE TLS SETUP

The GDPRZ TLS efforts included two scans: (1) scan of a single PBR and (2)
scan of a small channel and adjacent PBR-covered hillslopes (Fig. B3 and B4). All scans
were aligned in the field and cleaned in the lab using the RiProfile software. The final
point cloud of the single PBR scan will be used to generate a high-resolution triangular
irregular network model where 3D PBR parameter estimates (omin, R1, and Ry) will be
compared to estimates from PBR_slenderness_DH. The final point cloud of the small
channel and hillslopes was used to create an ultra-high resolution DEM (0.05 m
resolution) of the landscape within which the PBRs reside. Since I did not have good
GPS control on the scanner or targets, the DEM was essentially “floating” in space. I
provided geospatial reference to it by georeferencing it to the ALSM-generated DEM in
2D. I will develop some tools to enable a complete 3D transposition of this point cloud
into a “real” coordinate system.


http://lidar.asu.edu/
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Figure B3. TLS scanner setup for a single PBR. (A) Hillshade created from an ALSM-
generated 0.25 m digital elevation model (DEM). A total of six scan setups were used to
scan the single PBR. (B-C) Examples of two scan positions. (D) Quick Terrain Modeler

screenshot of the resulting ~3.5 M laser returns that represent the 3D shape of the
scanned PBR.
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Figure B4. Location map of TLS scanner positions used to scan a small channel and
adjacent hillslopes. (A) Overview hillshade created from an ALSM-generated 0.25 m
digital elevation model (DEM). Blue box outlines area scanned using TLS. (B) Map
showing the location of the TLS scanner setups. A total of five scan setups were used to
scan a ~60 m by ~100 m area covering PBRs, surrounding hillslopes, and a small
channel. The resulting 5.5 M laser returns were used to generate a 0.05 m digital
elevation model of the landscape using the GEON LiDAR Workflow: http://lidar.asu.edu.



http://lidar.asu.edu/
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APPENDIX C
ESTIMATING THE GEOMETRICAL PARAMETERS OF PRECARIOUSLY
BALANCED ROCKS FROM UNCONSTRAINED DIGITAL PHOTOGRAPHS:

PBR_SLENDERNESS_DH
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INTRODUCTION

An important parameter that is used to model the rocking response of a
precariously balanced rock (PBR) to ground motions is slenderness. A PBR's slenderness
(@i in Fig. C1) is defined as the angle made by the vertical (mg in Fig. C1) passing
through the PBR's center of mass and the lines that connect the PBR's rocking points to
its center of mass (R;j in Fig. C1). These values are typically estimated in the field using a
plumb bob, measuring tape, and a trained eye.

Recently, photogrammetric and terrestrial laser scanning (TLS) techniques have
been employed to capture the 3D geometry of a PBR at decimeter (photogrammetry) and
millimeter (TLS) scales (e.g., Anooshehpoor et al., 2007; Haddad and Arrowsmith,
2009b; Hudnut et al., 2009a). These methods produce spectacular results that are
especially useful to modeling the 3D rocking response of a PBR to ground motions (e.g.,
Hudnut et al., 2009a). However, these techniques require a considerable amount of field
preparation and data collection time and effort, making them impractical for studies that
attempt to survey entire populations of PBRs at the drainage basin scale. For this, we
developed a simple tool (PBR_slenderness_DH_v1 0) of estimating «;j and R; from
unconstrained digital photographs of PBRs. This approach was first proposed by
Purvance (2005), where a photograph of a PBR is taken in the field and the outline of the
PBR is digitized to compute its 2D center of mass, a; and R;. Theoretically, a PBR can be
sectioned along an infinite number of vertical planes that pass through its center of mass
along an infinite number of azimuths (Fig. C2). This results in an infinite number of
local minimum slenderness values. Therefore, the azimuth at which the photograph is
taken is critical to estimating the absolute minimum slenderness value of a PBR.

This document serves as a user manual to the code. The general workflow is as
follows: the user digitizes the PBR's rocking points, plumb bob, scale, and the PBR's
outline. The code then computes the 2D center of mass and returns ¢; and R;. A more
detailed workflow with instructions and a demonstration are presented in this manual.

This document serves as a user manual to the code. The general workflow is as
follows: the user digitizes the PBR's rocking points, plumb bob, scale, and the PBR's
outline. The code then computes the 2D center of mass and returns ¢; and R;. A more
detailed workflow with instructions and a demonstration are presented in this manual.

If you use PBR_slenderness_DH_v1_0 in your research, please send me any
reprints of publications that used this code (email address provided above). Also, please
acknowledge this manual and the software implementation document as follows:

Haddad, D. E., 2009. Estimating the geometrical parameters of precariously balanced
rocks from unconstrained digital photographs, 22 p.

Haddad, D. E., 2010. Geologic and geomorphic characterization of precariously
balanced rocks, MS thesis, Arizona State University, Tempe, 207 p.

The code and this document are a work in progress. If you experience any bugs,
please report them to me. You are welcome to make additions or adjustments that you
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think will help improve the code, but please send them to me so I can upload them to my
website and make them available to everyone.

(S_rI’S;'I) (S\'E'Sn'ﬂ)

Scale used to
determine length
of R,

(mg,,mg,) (CoM ,CoM))

Plumb bob

reference for mg
(RP:RP),)

Figure C1. Geometric parameters of a precariously balanced rock (PBR) used in our
PBR slenderness estimation method. CoMy and CoMy are the coordinates of the PBR’s
2D center of mass; RPy; and RPy; are the PBR’s rocking points; mgy and mgyi provide the
vertical reference (usually the plumb bob in the PBR’s photograph); Sy and Sy; are the
coordinates of the length scale used to determine the lengths of R;.
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Figure C2. Three-view orthogonal depiction of a precariously balanced rock (PBR)
illustrating the derivation of its geometrical framework. A PBR can be sectioned along
an infinite number of vertical planes that pass through its center of mass in different
azimuths. The azimuthal orientation of the principal axial plane that contains the PBR’s
greatest slenderness (smallest a; value) represents the PBR's most likely toppling
direction and is thus assigned to the PBR. RP; = rocking point; CoM; = center of mass;
FL; = folding line; PA; = principal axis.
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MINIMUM SOFTWARE REQUIREMENTS
** IMPORTANT NOTE **

The code is written in MATLAB and requires the MATLAB Image Processing
Toolbox version R2007b or later to run. If MATLAB returns an error using the impoly.m
function, it is likely that you have an older version of the MATLAB Image Processing
Toolbox (or do not have it at all). To accommodate for this, I made some adjustments to
the code and functions in an alternative version (PBR_slenderness_ DH_v2_0). It can be
downloaded from the following webpage:
http://activetectonics.la.asu.edu/Precarious_Rocks/PBR_Slenderness_Analysis.html.

OPERATING INSTRUCTIONS
Step 1
Start MATLAB.


http://activetectonics.la.asu.edu/Precarious_Rocks/PBR_Slenderness_Analysis.html
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Step 2
Navigate to the directory that contains the scripts. Make sure the scripts and PBR
photographs are located in the same directory.
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Step 3
Double-click the PBR_slenderness_DH_v1 0.m file to open the MATLAB script

editor. Scroll down to the section enclosed by percent (%) symbols. There are two

parameters that need to be changed:
1. The name of the photo file (text inside the single quotation marks, include file

extension).
2. Scale length (change this only once if the same length scale is used in all

photographs).
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Step 4
Save the changes made in the MATLAB script editor. In the Command Window, type:

>> PBR_slenderness DH vl O

Hit the Enter key to run the main script.
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Step 5
The photograph of the PBR will be loaded as Figure 1. You will notice the cursor change
to cross hairs. The intersection of the hairs is where the clicked points are picked and
plotted. The following is a breakdown of the demonstration to follow:
e MATLAB at this point is waiting for the following inputs using the left mouse
button in the following order:

0 Two left clicks to define the PBR’s rocking points (one left click for each
rocking point).

0 Two left clicks for the mg reference vector (i.e. the plumb bob). These
points must fall on the plumb bob's line, regardless of whether the
plumb bob is exactly vertical or not.

0 Two left clicks for the scale.

O An unlimited number of left clicks that define the PBR’s outline. Hover
the cursor over the first point to close the PBR’s outline. The cursor will
turn into a circle, indicating you have reached the first point. Left click
once while the cursor is a circle to close the PBR’s outline.

e MATLAB will then return a;, o, (in degrees), R;, and R (in the units of the scale
used in the photograph) in the Command Window.

A detailed demonstration with a PBR photograph begins on the following page.



187

DEMONSTRATION
After running the main script, the PBR’s photograph will be loaded into Figure 1.
Notice how the cursor changes to cross hairs when it hovers over the photograph.
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Click the PBR’s rocking points (plotted as downward-pointing purple triangles):
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Click the vertical reference (plotted as green stars):
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Click the length scale (plotted as purple stars):
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Click the outline of the PBR (plotted as blue stars with white connecting lines):
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Close the outline of the PBR by hovering the cursor over the first point until it
turns to a circle and left clicking once. The 2D center of mass of the PBR in the
photograph's plane will then be plotted as a red star:
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Alpha 1 and alpha 2 (in degrees) and R; and R; (in the same units as the scale
used in the photograph) will then be returned in the Command Window:
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SCRIPTS AND FUNCTIONS

The following section lists the scripts and functions used in
PBR_slenderness_DH_v1_0. They are also available for download from the following
webpage:
http://activetectonics.la.asu.edu/Precarious_Rocks/PBR_Slenderness Analysis.html

PBR_Fragility DH_v1 0.m
This is the m ain script that ca lls all auxiliary s cripts and returns the P BR’s geom etric
parameters.

% David E. Haddad - 08/2009
% PBR_slenderness DH v1 O

% This script computes basic parameters of a precariously balanced rock
% (PBR) from an unconstrained digital photograph.

% Script designed by David E. Haddad.

% Method inspired by J Ramon Arrowsmith and Matt Purvance:

% Purvance, M. D., 2005. Overturning of slender blocks: numerical
% investigation and application to precariously balanced rocks in
southern

% California, PhD dissertation, University of Nevada, Reno, Reno,
Nevada

% (http://www.seismo.unr.edu/gradresearch.html).

% OPERATING INSTRUCTIONS:

% For a complete demonstration, see
PBR_slenderness_DH_v1_0_UserManual .pdf,

» downloadable from http://activetectonics.asu.edu/Precarious_Rocks

<

% (1) Enter the name of the PBR"s image filename.

% (2) Enter the scale length used in the photograph.

% (3) Save changes.

% (4) Run this script to load the PBR"s image. MATLAB will be waiting

for

% the following inputs using the left mouse button:

% (a) Two left clicks to define the PBR"s rocking points (one left
% click for each rocking point).

% (b) Two left clicks for the mg reference vector (i.e. plumb bob).
% (c) Two left clicks for the photograph scale.

% (d) An unlimited number of left clicks that define the PBR"s

% outline. Hover the cursor over the first point to close the
% outline. The cursor will turn into a circle, indicating you
% have reached the first point. Left click once while the
cursor

% is a circle to close the PBR"s outline. MATLAB will then
compute

% and return alpha_1, alpha_2, R_1, and R_2 in the Command

Window.


http://activetectonics.la.asu.edu/Precarious_Rocks/PBR_Fragility_Analysis.html
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% Important Note:

% PBR photographs need to be in the same directory as this script and
its

% accompanying functions!

% Here we go...

% Start on a blank slate.
clear all

clc

clf

%%%%6%%%%%%%%%%%%%%%% CHANGE THINGS BETWEEN HERE. . .
%%9%6%6%%%6%6%%%6%%%%6%%% %6%%% %%

%

% Change the text in single quotation marks to match PBR"s image
filename:

PBR_image = imread("PBR_photograph.JPG");

% Change this to match the length of the scale used in PBR"s
photograph:

scale_length = 0.2; % meters

%

%6%%%6%%%%%%%%%%%%%%%% - . .AND HERE
%%9%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%%%6%6%% %6 %6%% % %6% %% %% %

% Display PBR photograph.

imshow(PBR_image);

hold on % hold on to the image so we can start digitizing on
it.

% Click out rocking points.
[RPx1,RPy1] = ginput(l); plot(RPx1, RPyl,"mV*")
[RPx2,RPy2] = ginput(l); plot(RPx2, RPy2,"mV")

% Click out mg refence vector (e.g., plumb bob in photograph).
[mgx1,mgyl] = ginput(1l); plot(mgxl, mgyl,“g*")
[mgx2,mgy2] = ginput(l); plot(mgx2, mgy2,"g*")

% Click out scale.
[Sx1,Syl] ginput(l); plot(Sx1,Syl, " m*")
[Sx2,Sy2] ginput(l); plot(Sx2,Sy2," m*")

% Left-click outline of PBR to create a 2D polygonal representation.
h = impoly(gca,[1);

% Get polygon vertices from handle h.
api iptgetapi(h);
pos = api.getPosition();
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% Compute and plot polygon®s centroid.
center_of mass = centroid DH(pos);
CoMx = center_of mass(:,1);

CoMy = center_of mass(:,2);

plot(CoMx, CoMy,"r*")

% Create R1 and R2 vectors using rocking points and centroid.
R1 = points2vector_DH(RPx1,RPyl,CoMx,CoMy);
R2 = points2vector_DH(RPx2,RPy2,CoMx,CoMy);

% Create mg vector from plumb bob reference points.
mg = points2vector_ DH(mgxl,mgyl,mgx2,mgy2);

% Compute PBR"s slenderness (angles made between mg and R vectors).
alpha_1 180 - theta_degs DH(vector_angle DH(R1,mg)); % degrees
alpha_2 180 - theta_degs DH(vector_angle DH(R2,mg)); % degrees

% Check to make sure 1t"s the acute angle.
if alpha_1 > 90 || alpha_2 > 90
alpha_1 = 180 - alpha_1
alpha_2 = 180 - alpha_2
else
alpha_1
alpha_2
end

% Compute length scaling factor.
scaling_factor = scale_length / distance DH(Sx1,Syl,Sx2,Sy2);

% Compute pixel lengths of R1 and R2 vectors.
R1 _pixel_length = vect _mag_DH(R1);

R2_pixel_length = vect_mag_DH(R2);

% Convert R1 and R2 pixel lengths into real lengths using scaling
factor.
R1_length
R2_length

R1 pixel _length * scaling_factor % meters
R2 pixel _length * scaling_factor % meters

% End of main script.



centroid DH.m

Function to compute the 2D centroid of a polygon given the polygon’s vertices.

function centroid = centroid_DH(R)

X = R(:,1);
y = R(:,2);
n = length(R);
cx = 0;
cy = 0;
for 1=1:n-1
cx = cx + (xX(D)+G+D))*x(D)*y(i+1) - x(i+1D)*y(i));
4 cy = cy + (Y(D)+y(@+1))*(x(1)*y(i+1) - x(i+1)*y(i));
en

% Include last vertex (because polygon is not closed)
cx = cx + (X(N)+x(1))*(x(nN)*y(1) - x(1)*y(n));

cy = cy + (Y(M+y(D))*x(n)*y(1) - x(1)*y(n);
centroid = [cx cy]/6/area DH(R);

area_DH.m
Function to compute the area of a polygon given the polygon’s vertices.

function polygon_area = area_ DH(polygon)
x = polygon(:,1);
y = polygon(:,2);

n length(polygon);
sum = O;
for i=1:n-1
sum = sum + x(D*y(i+1) - x(i+D)*y(i1);
end

polygon_area = 0.5*(sum + x(n)*y(1) - x(1)*y(n));

points2vector DH.m
Function to create a 2D vector that passes through two points.

function R = points2vector DH(x1,yl,x2,y2)

i =x2 - x1;
J =y2 - yl;
R=1[1j];

vector_angle_ DH.m

Function to compute the angle made between two vectors using the dot product.

function alpha = vector_angle DH(a,b)
alpha = acos(dot(a,b)/(norm(a)*norm(b)));
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vect_mag_DH.m
Function to compute the magnitude of a 2D vector.

function vector_magnitude = vect_mag_DH(V)
vector_magnitude = sqgrt(V(:,1)"2 + V(:,2)"2);

distance DH.m
Function to compute the distance between two points.

function distance = distance DH(x1,yl,x2,y2)
distance = sqrt((x2-x1)"2 + (y2-yl1)"2);

theta_degs DH.m
Function to convert radians to degrees.

function degrees = theta_degs DH(radians)
degrees = radians.*(180./pi);
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