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ABSTRACT

In recent years, sub-meter scale topography data have become increasingly available,

mostly from laser scanning methods and satellite stereophotogrammetry. These data have

increased the extent to which we can remotely document and analyze tectonic features, and

allow us to capture higher resolution details. In particular, we can use DEMs to carefully

map surface deformation from ground-rupturing earthquakes|both at the fault and in the

near-�eld|producing detailed records of rupture patterns, slip magnitude, damage zone

properties, and scarp preservation; these characteristics can then be considered with dynamic

rupture processes and the earthquake cycle. In this thesis,I approach tectonic questions with

high resolution topography data, observing the geomorphicsignatures of recent earthquakes,

and developing routines that extract rupture information from modern surfaces. The three

body chapters consist of independent journal manuscripts connected by this common theme.

In Chapter 2, we demonstrate a low-cost and logistically practical procedure for inde-

pendently creating high resolution (sub-decimeter) topography data, rather than relying on

industrial methods. This method builds on photogrammetry to resolve surface shape from

overlapping photographs and a few georeferencing points, producing su�cient quality eleva-

tion data to make geometric measurements. Recovered elevations are comparable to those

from traditional laser scanning methods to within reportederrors. We demonstrate our

methodology at two tectonic sites in California: (1) a slip rate site, where 
uvial features

are o�set by the southern San Andreas fault Banning strand; and (2) a section of the 1992

Mw 7.2 Landers earthquake scarp, which is undergoing continuous degradation monitoring.

Our implementation of this method has since become commonplace in tectonics, and among

other geologic applications.

In Chapter 3, we revisit the densely vegetated 1959 Mw 7.2 Hebgen Lake earthquake

surface rupture with newly acquired lidar topography data.We produce dense throw distri-
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butions along the major faults activated by the earthquake,in most places observing o�sets

that greatly exceed 1959 measurements. This suggests that|although the scarps do not

consistently express a distinct, muliti event topographicsignal|we have captured at least

one paleo-earthquake, in agreement with trenching results. We compute roughness along

the throw distribution for each fault, �nding a smoother distribution for a fault on steep

talus slopes that exploits weak bedding planes, which we interpret to re
ect slip from only

the most recent earthquake. We treat the scarp as the source's planar intersection with the

topography, from which we recover shallow fault dip. We resolve highly segmented structures

over wavelengths of 100s of meters, and are unable to �t continuous scarps to a single plane.

Segment dip averages range� 30-45� , much shallower than dips from seismology and geodesy,

suggesting anti-listric source geometry that exploits inherited Laramide structures near the

surface. Our results have cautionary implications when interpreting paleo-earthquake mag-

nitude and source geometry from morphologically simple scarps.

In Chapter 4, we use a pair of lidar datasets spanning the 2010Mw 7.2 El Mayor{

Cucapah earthquake to reveal shallow fault geometry near the northern rupture extent.

The earthquake accommadated NW-SE right-lateral shear alongthe Paci�c-North American

plate boundary, and also had a normal component. Models mostly agree on moderate to

steeply dipping source fault geometry except where a road cut reveals that locally, the

Paso Superior fault dips at< 20� . We use a 3D displacement �eld from Iterative Closest

Point (ICP) lidar di�erencing to determine whether near-�eld deformation in the road cut

proximity corresponds to a shallowly dipping structure. Wecompute fault dip using heave

and throw ratio derived from displacement pro�les projected onto the primary rupture. We

�t planes to four continuous surface ruptures near the road cut. We model elastic dislocation,

inverting surface deformation for simpli�ed, homogenous planar sources. We consistently �nd

moderate to steep dips at distance from the road cut, but shallow dips near or< 20� for a

� 2 km fault length centered on the fault exposure. Our resultssuggest that the shallowly

dipping Paso Superior fault did activate during the 2010 event, and postulates that other
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low-angle normal faults observed in the geologic record mayactivate during earthquakes.

Taken together, these results show how high resolution topography can be used to un-

derstand the structures activated by past earthquakes, andthus to better anticipate and

prepare for future earthquakes. Single, post-event datasets can be used to interpret historic

or prehistoric ruptures, with the precaution that scarps may appear morphologically sim-

ple, while dataset pairs that capture near-fault surface displacement can provide additional

constraints on shallow structures.
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CHAPTER 1

GENERAL INTRODUCTION

Earthquake seismology is a young �eld, only� 150 years old, and the �rst global seismic

network, the Worldwide Standardized Seismograph Network (WWSSN) was established just

over half a century ago in 1961. Most faults have earthquake recurrence intervals much longer

than either time frame (hundreds to thousands of years), andhave therefore not ruptured

during this short, instrumented period; even fewer faults have produced multiple seismically

recorded earthquakes. Tectonic geomorphology provides one means of characterizing faults

that have produced few or no seismic records.

1.1 Tectonic geomorphology

Depending on climatic and geologic setting, tectonically active landscapes may preserve

surface deformation from one or more earthquakes, aiding our recovery of slip history along

fault segments. We can ultimately use this information to estimate slip magnitudes and

rupture lengths, and|with stratigraphic age estimates|to derive slip rates and recurrence

intervals [1]. These fault characteristics help categorize regional seismic hazard, informing

decisions about the engineered, built environment, and helping communities prepare for

future earthquakes.

Tectonic geomorphology also drives scienti�c understanding of fault behavior. We can

use large-scale landforms to characterize stresses actingon faults; compute uplift rates of

mountain ranges; observe how di�erent faults interact witheach other; and evaluate consis-

tency in strain build up and release over many seismic cycles. More recently, we have honed

in on historic and prehistoric surface ruptures|normally t he only location in which we can

directly observe earthquake faulting|to glean insights onthe mechanical rupture processes,

including source complexity [e.g. 2, 3], rupture propagation dynamics [e.g. 4, 5], material

strains [e.g. 6, 7], and fault damage zone development [e.g.8, 9].
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1.2 High resolution topography

In recent years, digital topography data of increasingly high resolution and wide coverage

have become integral to the �eld of tectonic geomorphology.Among other advantages,

digital topography data can cover large regions, provide unique perspectives that cannot

be achieved in the �eld, and allow for dense measurements andpowerful computational

analyses (e.g., hillshade or slope maps, stream pro�les, etc.). At su�cient resolution, these

data can also illuminate subtle features that may be di�cult to identify in the �eld or

from 2D imagery collected from airplanes or satellites. Topography data are becoming

increasingly available on a near-global scale, including elevations derived from the Shuttle

Radar Topography Mission (SRTM) at 60 m resolution (30 m for the U.S. and soon the rest of

the world), and other DEMs derived from Synthetic Aperture Radar (InSAR) interferometry;

Advanced Spaceborne Thermal Emission and Re
ection Radiometer global digital elevation

map (ASTER GDEM), version 2 at 15 m resolution; optical satellite stereopairs producing

up to � 2 m resolution; and an abundance of light detection and ranging (lidar) datasets

with local or regional focus at varying resolution (modern data typically sub-meter). Much

of these data are freely available.

High resolution topography (HRT) may be de�ned di�erently depending on its applica-

tion. When honing in on fault zones, "high-resolution" indicates �ne-enough sampling to

capture features or o�sets that characterize earthquakes.For example, if a surface rupturing

strike-slip earthquake causes� 1 m of o�set, then a 30 m resolution DEM is unable to clearly

portray that o�set; on the other hand, a sub-meter resolution DEM will. Optical satellite

and aerial imagery of this resolution has been available fordecades, [10], but can only pro-

duce horizontal measurements; as such, fault zone applications focused on predominantly

strike-slip environments. HRT datasets additionally allowvertical measurements, expand-

ing applications to include dip-slip regimes [11{13]. Currently, laser-scanning techniques

are used most commonly to generate high-resolution fault zones data; however, advanced

stereophotogrammetric methods are gaining popularity [e.g. 14, 15], including Digital Globe
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panchromatic images, which can produce 2 m-resolution DEMs. Still, laser-scanning meth-

ods have an advantage in their ability to "see through" vegetation.

HRT contributes di�erent information to seismic hazard analysis than paleoseismic trench-

ing. Each trench along a fault provides data at that �nite location, answering questions such

as: How many times has the fault ruptured the trenched strata?How much slip occurred

at the surface during each event? If datable material brackets the o�set units, when did

each rupture occur? HRT provides information on a larger spatial scale. We can use HRT

to make o�set measurements over much longer distances alongstrike, and can observe o�-

fault deformation beyond the length scale of a trench. For faults with preserved surface

ruptures, we can measure the length of ruptures, and observesingle event and composite

scarp height and lateral o�set distributions, informing our interpretations of whether faults

rupture according to consistent boundaries and at a regularsize. This larger-scale approach

contributes to broader understanding of a tectonic region,such as a qualitative estimate of

the relative importance of individual faults within a regional system.

HRT applied independently is non-invasive, which often manifests as an advantage over

paleoseimsic | and sometimes geophysical | approaches. Trenching can also be logistically

complicated, time consuming, and expensive, and in some cases, faulted landscapes are not

ideally suited to trenching. For example, the trench site must contain datable material in or-

der to recover ages, and stratigraphy must be distinguishable such that o�set measurements

can be made and individual events identi�ed. Strike-slip faults may also require complicated

3D excavations in order to retrieve slip magnitude. Optimally, however, HRT/tectonic geo-

morphology can be used in conjunction with paleoseismologyto add age, event number, and

distinguishable event o�set constraints to the large-scale picture.

As campaign HRT data have begun to focus on regions of interest,a handful of \before"

and \after" event datasets have allowed direct near �eld observations of surface deforma-

tion during earthquakes (meters to kilometers surroundingthe primary rupture), and the

subsequently evolving morphology [e.g. 16, 17]. This improves upon established topographic
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di�erencing methods, such as InSAR, which decorrelates in fault damage zones, and only

provides displacement information in the satellite line ofsite. These paired datasets have

motivated di�erencing procedures that discretize the deformed region to resolve deforma-

tion �elds, namely the Iterative Closest Point (ICP) routine that captures cell-by-cell rigid

body transformations rather than 1D elevation changes over�xed positions [e.g. 13, 18, 19].

These 3D displacements contain structural and mechanical information beyond the discrete

surface expression of an earthquake, complementing surface measurements with the shallow

subsurface deformation.

The research presented herein is comprised of three separate studies that apply HRT to

tectonic geomorphology. The three chapters share the common theme of HRT, but con-

tribute to separate aspects of the broader �eld. Chapter 2 tests a new, low cost method of

producing high-resolution topography against established methods, testing the methodology

on two tectonic features. Chapter 3 applies newly collectedlidar topography to a historic

rupture, challenging the stability of paleoseismic and hazard implications from tectonic geo-

morphology, and combining new thinking about earthquake mechanics and source geometry

with an old earthquake. Chapter 4 exploits the �rst available multitemporal lidar to cover

a surface rupture, testing the realm of structural information that can be extracted from

a 3D displacement �eld. Throughout, this work, we aimed to contribute to the following

curiosities and theories in tectonic geomorphology.

(1) The degree to which earthquakes are preserved geomorphically may depend on fault

type, slip rate, lithology and climate. We study faults and earthquakes with both strike-

slip and dip-slip senses of motion, and a wide range of slip rates. Our �eld sites also occupy

contrasting climates. We aim to resolve independent earthquakes from the cumulative o�sets

preserved topographically using scarp pro�le morphology.

(2) Seismic hazard analyses depend upon supposed earthquake sources, and thus are

interested in whether earthquakes rupture the same fault length with the same slip dis-

tribution in each event. [20] proposed three possible slip models for seismogenic faults
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(Figure 1.1). The \characteristic earthquake" model assumes that each point on a fault

experiences constant displacement per event but variable slip rate resulting in large earth-

quakes with constant magnitude and infrequent moderate earthquakes. The \uniform slip"

model assumes constant slip rates and displacements per event along strike but allows slip

magnitude to vary along strike, resulting in some large earthquakes of a constant size, and

also frequent moderate sized earthquakes. The \variable slip" model assumes a constant slip

rate along strike, but allows for variable displacement along strike and per earthquake, and

thus variable earthquake size.

Three proposed earthquake recurrence models (Figure 1.2) complement the slip models

[21]. The \strictly-periodic" model assumes that earthquakes on the same fault are spaced

evenly in time with constant slip per earthquake. The \time-predictable" model assumes

that faults fail under a certain magnitude of stress, but will have variable slip, and so the

time elapsed between earthquakes is proportional to the size of the most recent event. The

\slip-predictable" model assumes that faults can fail under variable stresses but have a

constant �nal stress, such that the slip magnitude in an earthquake is proportional to the

time elapsed since the last earthquake. In theory, these models could improve timing and

magnitude estimates for earthquakes, but in reality, faults are unlikely to behave strictly

according to any of three models.

(3) We commonly use surface slip observations to make inferences about seismic pro-

cesses at depth; however, evidence from recent earthquakesstudied using multidisciplinary

approaches that include geology, geodesy, and seismology suggests that peak slip happens

at depth, such that fault parameters measured at the surface|such as dip, rake, and slip

magnitude|might not re
ect the values at depth ([e.g. 8, 22], and references therein). It

follows that the structures that transfer slip to the surface may not be continuous with those

at depth. Here, we use the surface rupture shape and o�-fault surface displacement vectors

to reveal shallow subsurface planar geometry and its segmentation. We consider this with

classic Andersonian mechanics|which expects moderate to steeply dipping faults to activate
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Figure 1.1: Reproduced from [20]. Three possible fault failure models. Solid lines show
cumulative slip per distance along a fault, and dashed linesshow slip from adjacent rupture
segments.

under extension, while low angle normal faults are prevalent in the paleoseismic record [e.g.

23{25].

(4) Fault roughness|as manifested in slip pro�les and scarpgeometry|may correspond

to fault maturity [26]; however, when applied in paleoseismology, other factors such as lithol-

ogy, fault sense of motion, and rupture history could be obscured within the currently pre-

served slip distribution. We consider this in our approach to a scarp of known most recent

event timing and slip distribution.
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Figure 1.2: Reproduced from [21]. Top: Stress vs. time since the last earthquake for
(a) \strictly-periodic", (b) \time-predictable", and (c) \slip-predictable" models. Bottom:
Coseismic slip vs. time since last earthquake for the same models.

1.3 Thesis Organization

The results from this thesis help to frame the utility of high-resolution topography applied

to tectonic geomorphology, with implications for paleoseismology and rupture processes. The

chapters are organized as follows.

Chapter 2: Rapid mapping of ultra-�ne fault zone topography with structure from motion

We present a work
ow for producing high-resolution topography from advanced pho-

togrammetric techniques (termed \structure from motion"), exploiting loosely structured,

overlapping photographs collected from unmanned aerial platforms, and georeferencing our

results with a handful of precisely located GPS data. We produce two colored point clouds

gridded into sub-decimeter resolution DEMs, achieving accuracy within published laser scan-

ning errors and increased resolution compared to airborne lidar. Our DEMs cover two tec-

tonic sites in California: feature o�sets on an alluvial fanslip rate site that straddles the

southern San Andreas fault Banning strand, and the historically-formed 1992Mw 7.2 Lan-

ders earthquake scarp undergoing continuous degradation monitoring.
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Chapter 3: Revisiting the 1959Mw 7.2 Hebgen Lake earthquake surface rupture, slip distri-

bution, and geometry with airborne lidar

We revisit the densely vegetated Hebgen Lake earthquake surface rupture with newly

acquired lidar topography. We produce fault throw distributions along topographically sim-

ple scarps for the four signi�cant faults activated during the earthquake. Our dense throw

dataset exceeds the 1959 measurements in most locations, suggesting we have captured

at least one paleoearthquake, despite the absence of an obvious topographic bevel, but in

agreement with trenching results. We compute throw roughness for each fault, �nding lower

roughness where we interpret only one event, but which also correspond to where the fault

ruptures weak bedding planes. We treat the scarp as the source's planar intersection with

the topography, and use this to recover the shallow fault dip. We resolve dips� 30-45� , which

are highly segmented wavelengths of 100s of meters, and are shallower than dips from seis-

mology and geodesy, suggesting anti-listric source geometry that exploits inherited Laramide

structures near the surface.

Chapter 4: Testing low-angle normal fault activation during the 2010Mw 7.2 El Mayor{

Cucapah earthquake with di�erential lidar

The 2010Mw 7.2 El Mayor{Cucapah earthquake ruptured a series of faultsthat accom-

modate shear across the Paci�c-North American plate boundary. For most of these faults,

geodesists, seismologists, and geologists agree on steeply dipping fault geometry. However,

in the northern Sierra Domain, a road cut reveals that locally, the Paso Superior Fault dips

at < 20� , while other source models assign it a moderate to steep dip.We use a 3D displace-

ment �eld from ICP-based lidar di�erencing to determine whether near �eld deformation

in the proximity of the road cut corresponds to shallowly dipping structures. We derive

fault dip from raw heave and throw distributions, and from cumulative o�sets derived from

displacement pro�les projected onto the primary rupture. We �t planes to four continuous

surface ruptures that span 6 km about the road cut. We model elastic dislocation across

the fault to resolve simpli�ed source geometry. We consistently �nd moderate to steep dips
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away from the road cut, but shallow dips near or< 20� for a � 2 km fault length centered on

the fault exposure.

1.4 Glossary

geomorphology : study of the Earth's shaped surface to understand topographic structure,

origin, and development

heave: fault-perpendicular fault o�set

paleoseismology : study of ancient earthquakes from evidence in landforms orsediments

scarp : topographic expression of faulting

slip rate : how fast the two sides of a fault are moving relative to each other

tectonics : the Earth's lithospheric structures and the large-scale processes a�ecting them

or occuring within them

throw : vertical fault o�set

9



CHAPTER 2

RAPID MAPPING OF ULTRA-FINE FAULT ZONE TOPOGRAPHY WITH

STRUCTURE FROM MOTION

A paper published inGeosphere1.

Kendra L. Johnson 2, Edwin Nissen 2;3, Srikanth Saripalli 4, J Ramon

Arrowsmith 4, Patrick McGarey 4, Katherine Scharer 5, Patrick Williams 6, and

Kimberly Blisniuk 7

Abstract

Structure from Motion (SfM) generates high-resolution topography and coregistered tex-

ture (color) from an unstructured set of overlapping photographs taken from varying view-

points, overcoming many of the cost, time, and logistical limitations of LiDAR and other

topographic surveying methods. This paper provides the �rst investigation of SfM as a tool

for mapping fault zone topography in areas of sparse or low-lying vegetation. First, we

present a simple, a�ordable SfM work
ow, based on an unmanned helium balloon or mo-

torized glider, an inexpensive camera, and semi-automatedsoftware. Second, we illustrate

the system at two sites on southern California faults covered by existing airborne or terres-

trial LiDAR, enabling a comparative assessment of SfM topography resolution and precision.

At the �rst site, a � 0.1 km2 alluvial fan on the San Andreas Fault, a colored point cloud

of density mostly > 700 points/m2 and a 3 cm DEM and orthophoto were produced from

233 photos collected� 50 m above ground level. When a few GPS ground control points

1Reprinted with the permission of Geosphere, 10(5):969{986, 2014.
2Department of Geophysics, Colorado School of Mines.
3School of Earth and Ocean Science, University of Victoria.
4Arizona State University.
5U.S. Geological Survey, Pasadena.
6San Diego State University.
7UC Berkeley.
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are incorporated, closest point vertical distances to the much sparser (� 4 points/2) airborne

LiDAR point cloud are mostly < 3 cm. The second site spans a� 1 km section of the 1992

Landers earthquake scarp. A colored point cloud of density mostly > 530 points/m2 and a

2 cm DEM and orthophoto were produced from 450 photos taken from � 60 m above ground

level. Closest point vertical distances to existing terrestrial LiDAR data of comparable den-

sity are mostly < 6 cm. Each SfM survey took� 2 hours to complete and several hours to

generate the scene topography and texture. SfM greatly facilitates the imaging of subtle ge-

omorphic o�sets related to past earthquakes as well as rapidresponse mapping or long-term

monitoring of faulted landscapes.

2.1 Introduction

The recent and signi�cant increase in availability of high resolution digital topography

along many active faults has provided new means of characterizing tectonically active land-

scapes [e.g. 27{29], mapping previously undetected fault scarps [e.g. 30{32], and measuring

subtle geomorphic o�sets related to modern, historic, and prehistoric surface rupturing earth-

quakes [e.g. 33{36]. These rich new datasets facilitate newtypes of fault behavior studies

which help better characterize seismic hazard. High-resolution topography also o�ers pow-

erful new insights in numerous other Earth science �elds, including process geomorphology,

hydrology, sedimentology and structural geology. Airborneand terrestrial light detection and

ranging (LiDAR) are currently the most prevalent techniquesfor generating such data, but

the high costs and logistical demands of these laser-based mapping techniques can restrict

their utilization.

In the past few years, an a�ordable mapping method called Structure from Motion (SfM)

has been developed in which the structure of the scenethat is, the shape (topography) and

texture (color) of the ground surface, as well as the camera positions and orientationsis re-

constructed using overlapping photographs from multiple viewpoints. The method utilizes

recent advances in feature matching algorithms which allowfor large changes in scale, per-
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spective and even occlusion [37], making photoset acquisition much more straightforward

than in traditional photogrammetry [38]. While not originally intended for geological appli-

cations, geoscientists have adopted SfM as a method of mapping �ne-scale topography in a

variety of sparsely vegetated environments [15, 39{41]. Hitherto, its suitability for mapping

fault zone topographyincluding in rapid response to an earthquakehas not been demon-

strated. Furthermore, the precision and resolution of SfM topography, especially in relation

to data generated with airborne or terrestrial LiDAR, is not yet clear. This paper addresses

these issues using sample SfM and LiDAR topography from semi-arid tectonic landscapes

along active faults in southern California.

We begin by summarizing the advantages and disadvantages ofairborne and terrestrial

LiDAR surveying for mapping fault zone topography, helping frame our subsequent consid-

eration for the merits of SfM as an alternative technology. We then describe the principles

of SfM and summarize the few previous studies that have used this new technology to

map natural landscapes. Next, we introduce an a�ordable SfM mapping system that can

rapidly generate sub-decimeter resolution digital elevation models (DEMs) and coregistered

orthophotos, and is easily deployed by a person working alone. The method requires only

an inexpensive unmanned aerial vehicle (UAV) or helium balloon, a consumer grade digital

camera with an internal or external Global Positioning System (GPS) tagger, and commer-

cially available software. We then use our aerial SfM systemto map two �eld sites along

major active faults in southern California, choosing areaswhere we are able to compare the

quality of the resulting digital topography with airborne and terrestrial LiDAR data. This

enables a quantitative comparison of the accuracy and precision of SfM and LiDAR topogra-

phy, and also qualitatively demonstrates how SfM reveals geomorphic o�sets that were not

clearly imaged by LiDAR. Finally, we discuss the application for this technology in the �eld

of tectonic geomorphology.
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2.2 Background

2.2.1 Airborne and Terrestrial LiDAR

In the past decade, airborne and terrestrial LiDAR have rapidly gained popularity as

methods for producing detailed maps of tectonic landscapesdue to their orders-of-magnitude

improvement in topographic accuracy and resolution over existing topographic maps, in-

cluding satellite-derived elevation datasets (e.g. the 30m ASTER GDEM and 90 m SRTM

datasets; [42]). These laser scanning methods are shown schematically in Figure 2.1a and

Figure 2.1b.

onboard GPS and IMU
constrain position and 
orientation of aircraft

Airborne LiDAR

Terrestrial LiDAR

Structure from Motion

motion  of camera
provides depth
information

scene structure refers to
  both camera positions 
   and orientations and 
     the topography

sequence of 

photographs

   distance between scanner and
  ground return determined from 
 delay between outgoing pulse
and re�ected return

   lines show track of scan across ground;
 circles show actual ground 
return footprints

la
se

r 
pu
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e

laser pulse

features matched in 
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highly variable point cloud 
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b

irregular point spacing but relatively
even point cloud density

Figure 2.1: A schematic illustration of three methods of producing high-resolution digital
topography discussed in the text. (a) Airborne LiDAR; (b) Terrestrial LiDAR; and (c) aerial
platform-based Structure from Motion (SfM).

Traditional airborne LiDAR, also called Airborne Laser SwathMapping (ALSM), consists

of a laser scanner with kinematic GPS and inertial measurement systems on an airplane

platform that sweeps over a scene, determining the elevation of points on the ground by

combining return times of re
ected or backscattered laser pulses with the known position (x,

y, and z) and orientation (pitch, roll, and yaw) of the platform Figure 2.1. The converted

returns form a point cloud, which can be gridded or triangulated into a DEM. The earliest

airborne LiDAR surveys, 
own in the 1990s, produced point clouds with densities of less than

1 point/ 2 [e.g. 43{45], but with higher scanner pulse rates modern airborne LiDAR surveys

13



can generate point clouds with> 10 points/2. Such point spacings are �ner than the average

amount of surface slip typically observed in large, ground-rupturing earthquakes, and have

enabled airborne LiDAR to image geomorphic o�sets generatedin modern, historic or pre-

historic events [e.g. 7, 33{36, 46{49]. These surveys span several 100 km2 in size, areas which

are simply not feasible with ground-based mapping systems or low-cost aerial platforms.

Airborne LiDAR outperforms optical imagery in its ability to penetrate vegetation at

most sites. Modern sensors can record multiple returns, such as those re
ected from the

top of the canopy, within the canopy, and the ground; by usingonly the last returns, most

vegetation can be stripped from the scene. [30, 31, 50{52] have employed this capability to

detect fault scarps in heavily forested areas of the westernUnited States, eastern Europe,

New Zealand and Japan. Similarly, [32] removed airborne LiDAR returns from buildings to

reveal a previously unrecognized fault scarp in an urban setting in Japan.

The major disadvantages of airborne LiDAR include the expensive requirement of a

piloted airplane carrying specialist laser scanning equipment. Survey costs typically reach

thousands of dollars per square kilometer for small target areas, and several hundred dollars

per square kilometer for the largest datasets. Ground-based GPS reference stations are

often used to improve the positioning of the airplane, requiring additional trained personnel.

The necessary logistical planning for large LiDAR surveys therefore makes rapid or repeat

deployment di�cult, although a few paired or multi-temporal datasets do exist [e.g. 7, 44,

49, 53{56]. Furthermore, for some applications airborne LiDAR may not provide su�cient

spatial resolution. For instance, point spacings of 10s of centimeters densities typical of

modern airborne LiDAR datasets may not adequately characterize small geomorphic o�sets,

discrete fault scarps, or intricate aspects of fault scarp erosion [17, 57, 58], and in multi-

temporal mode are unlikely to capture displacements in the order of a few centimeters [e.g.

18, 59] such as those expected from fault creep or postseismic afterslip.

Terrestrial LiDAR, also known as terrestrial laser scanning(TLS) or tripod LiDAR, uses

portable scanners that are set atop surveying tripods whilethey record data (Figure 2.1b).
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If necessary, scanners are moved to new positions in order tocapture targets from optimal

viewing angles and to avoid occlusion (i.e. from vegetation). The need to move equipment

introduces time demands that typically limit terrestrial LiDAR data acquisition to site di-

mensions of up to a few hundred meters. On the other hand, the scanners are compact

and can be carried to remote locations, overcoming a major limitation of airborne LiDAR

(though with power sources also required, the equipment canbecome cumbersome). These

capabilities of terrestrial LiDAR have led to its extensive use as a deformation monitoring

tool, particularly for landslides, debris 
ows and rockfalls (see [60] for a review). In tectonics

research, it has also been used to monitor fault creep [61, 62], fault scarp degradation [57, 58]

and postseismic river knickpoint retreat [63], as well as tocharacterize o�set channel systems

[64].

Terrestrial LiDAR can record multiple returns allowing mostvegetation to be �ltered from

the scene, much like in airborne surveys. These terrestrialsurveys are conducted from closer

distances to the target site than aerial mapping methods, and can therefore produce denser

point clouds (10s to 1000s of points/m2) and thus higher resolution DEMs than is typical for

airborne LiDAR. However, these densities also tend to be more spatially variable, depending

as they do on the local surface aspect with respect to the scanner. Thus, terrestrial LiDAR

can achieve better results for near-vertical features, andhas been particularly useful as a way

to characterize fault scarps [e.g. 58, 65]. As a tradeo�, it ismore di�cult to comprehensively

cover undulating landscapes, which can su�er from data gapsin the shadow zones where

terrain is out of the scanners line of sight. Although the advent of mobile platforms o�ers

a potential solution to such data gaps [66], the cost of a portable LiDAR system remains

prohibitive for many researchers; the least expensive units capable of terrain mapping cost

several tens of thousands of dollars.

2.2.2 Structure from Motion (SfM)

SfM o�ers an alternative method of producing high-resolution digital topographic data

that overcomes many of the limitations of airborne or terrestrial LiDAR. This mapping tech-
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nique builds upon traditional stereophotogrammetry by producing digital three dimensional

models of a scene using a collection of photographs with overlapping coverage and changing

perspective (Figure 2.1c). Like traditional photogrammetry, SfM triangulates among the

locations of individual features matched in multiple images to build the geometry of the

scene. Unlike traditional photogrammetry, SfM algorithms support large changes in camera

perspective and photograph scale through use of a feature recognition algorithm (Scale In-

variant Feature Transform (SIFT); [37, 38]), which eliminates the need for grid-like image

acquisition and makes the technique easy to implement. Because each matched feature is

colored, the scene texture as a set of RGB values is easily coregistered with its geometry.

This is an improvement upon some LiDAR surveys, for which a return intensity is often

the only record of scene texture. Finally, SfM requires only aconsumer grade camera, and

readily available commercial or open source software, suchas Agisoft Photoscan, Bundler

Photogrammetry Package, PhotoModeler, or Microsoft Photosynth.

Originally used to visualize urban settings [e.g. 38], SfM has recently been adopted by

Earth scientists as an a�ordable means of mapping natural landscapes, initially using ground-

based photosets. Because SfM cannot collect multiple returns, it cannot see through canopy

in the manner that LiDAR can, and acquiring a good ground modelin areas of dense

vegetation will consequently be challenging. So far, the use of SfM for terrain mapping

has been limited to sites with sparse or low-lying vegetation. In addition, it has so far

been limited to target areas with dimensions of up to a few hundred meters, similar in size

to those typically mapped with terrestrial LiDAR, but much smaller than most airborne

LiDAR surveys.

[40] generated SfM models constructed from ground photos atthree �eld sites of varying

surface cover and topographic complexity: a steep coastal hillside, a glacial moraine, and

a bedrock ridge. At the �rst site, they obtained SfM point cloud densities of up to a few

hundred points/m2, somewhat lower than those of an overlapping terrestrial LiDAR dataset

which in places exceeded 1000 points/m2. Elevation di�erences determined by subtracting an
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SfM-derived DEM from the LiDAR DEM were mostly (86%)< 0.5 m. [15] also used ground

photographs, taken at close range (20 m), to produce a time-series of seven SfM models of

coastal cli�s over the period of one year. These models achieved point cloud densities of

several thousand points/m2 with discrepancies of up to a few centimeters compared to a

model constructed from a coincident terrestrial LiDAR scan.The SfM data were accurate

enough to clearly image cli� retreat between successive surveys. In the same paper, SfM

was used to construct a 3D model of a volcanic crater from photographs captured from a

piloted aircraft 
ying at 1000 m above ground level (AGL), obtaining a point cloud density

of � 2 points/m2. Comparisons with a DEM constructed from traditional photogrammetry

showed general agreement at the 1 m level, but a few patches with di�erences of up to 2 m.

These results illustrate the trade-o� between camera-target distance and model precision

and resolution.

2.2.3 Incorporation of low cost aerial platforms

The past few years have seen a marked increase in the use of small UAVs and other

unmanned aerial platforms for scienti�c remote sensing or photogrammetry studies [e.g.

67], o�ering clear potential advantages for the collectionof SfM imagery. The low altitude


ight capabilities of commercially available UAVstypically a few 10s of meters AGLincreases

terrain detail, thus improving the resolution of SfM data, albeit at the expense of spatial

coverage (particularly compared to airborne LiDAR). These systems can cost as little as

a few hundred dollars, making them readily accessible to many geoscientists. Larger UAV

platforms require 
ying permits in some countries [67], butthe use of tethered platforms like

helium balloons and blimps can avoid these issues.

A few recent SfM or close-range photogrammetric studies have incorporated this tech-

nology in the form of multirotor-copters [39, 68{70], �xed wing planes (DOleire-Oltmanns

et al., 2012) and helium-�lled blimps [41]. The camera is attached to the underside of the

platform, pointing downward, and collects photographs at auser-speci�ed time-lapse inter-

val or through remote-controlled triggering, resulting inexpedited data collection from an
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advantageous viewing geometry. This strategy produces a relatively even spatial distribu-

tion of points compared to ground-based SfM, which can su�erfrom the same line-of-sight

issues as terrestrial LiDAR [e.g. 40]. [39] generated an SfM point cloud with several hundred

points/m 2 of a coastal site in Australia, using photographs collected from a multi-copter


ying at 40 m AGL and incorporating di�erential GPS (dGPS) gr ound control points.

Comparing their SfM point cloud to a total station survey, they estimated the SfM data to

be accurate to< 4 cm. [41] made a comparison between SfM data, generated using pho-

tographs taken from a helium blimp at a height of 40 m, and conventional airborne LiDAR

at a site on a bedrock channel and 
oodplain in Texas. Their SfM point cloud density was

10 points/m2 compared to just 0.33 points/m2 for the airborne LiDAR. They found signi�-

cant discrepancies in height values, averaging 0.6 m acrossthe scene, attributing the largest

errors to a region with many rocks and trees.

2.3 An a�ordable Structure from Motion mapping system

In this section, we outline an SfM work
ow designed for mapping fault zone topography

but also suitable for many other applications with similar requirements. A key goal of ours is

to �nd an appropriate balance between the a�ordability and accessibility of the system (its

cost, ease and speed of use) and the quality of the resulting topographic data (its accuracy

and density). As a result, our methodology di�ers somewhat from the procedures followed

in the SfM studies described previously Figure 2.2. In particular, we designed our approach

to be easily completed by a person working alone, or in situations where data collection and

processing must be expedited, such as �eld mapping after an earthquake. Below, we discuss

our choice of platform and strategy for photograph collection (Section 2.3.1 and our preferred

way of processing this imagery and generating topography (Section 2.3.2). Later, in Section

2.4, we demonstrate our complete work
ow at two �eld sites onmajor faults in southern

California and assess the accuracy of our SfM point clouds against colocated LiDAR data.
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Figure 2.2: A summary of the work
ow presented in this paper, separated into �eldwork
and data collection (top) and data processing (bottom). In the latter case, our work
ow is
shown on the left and two alternative published procedures are shown to the right.

2.3.1 Fieldwork and Data Collection

We chose to use a radio-controlled motorized glider [71] anda tethered helium balloon as

camera platforms, both easily deployed by a single person and relatively a�ordable, costing

a few hundred dollars in total. The motorized glider (Figure 2.3a) can cover larger areas

more quickly, but requires more experience to control remotely; on the other hand, a skilled

pilot has control over the platform position and camera angle. Like many other UAVs, the

glider also has the potential to be programmed to 
y along a preset route that requires little

interference by the operator. Our glider was purchased as a kit from Electric Flights and

assembled in a few hours. After hand launching, the glider is operated using a 2.4 GHz

Spektrum DX6i Transmitter and Spektrum 6100e Park Receiver and powered with a single

3000 mAh 4 Cell 14.8V Lithium Polymer battery, giving a 
ight time of around 20 minutes.

The glider carries a lightweight Canon PowerShot SX230 HS camera, which has a 5 mm
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focal length, 12 megapixel resolution and internal GPS. Interval shooting can be triggered

at a speci�ed delay time by programming the SD card with the freely available Canon Hack

Development Kit (CHDK).

Figure 2.3: Photographs showing the two camera platforms discussed in this paper. (a)
Motorized glider in 
ight. (b) Helium balloon in 
ight with pi lot for scale; (c) balloon in
preparation; and (d) close-up of camera and harness (picavet).

The helium balloon (Figure 2.3b, c, d) o�ers the advantage of simplicity. In moderate

wind speeds, a single person can pull the tethered platform across the target area, although

having a second person expedites setup and can improve the e�ciency at which the survey

area is covered, particularly in blustery conditions. Our balloon in
ates to 4 m3 and carries

a harness (a Brooxes picavet) from which we attached a downward-pointing, 16 megapixel-

resolution Nikon D5100 camera with an 11 mm Toshiba lens and a connected Easytag GPS

tagger. The total weight of the camera, lens, and GPS tagger is � 1 kg. The balloon is

tethered using a lightweight kite string and reel. The camera is set to interval shooting
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mode and the delay between shots is speci�ed in the camera menu (typically 5{10 seconds,

chosen to ensure plentiful overlap between photographs). We set the focus to in�nity and

choose an appropriate (�xed) exposure setting depending onthe ambient light conditions.

The strategy for photograph collection depends on the shapeand size of the target area,

as well as the desired resolution of the topographic data. We�nd that a single pass of

the balloon or glider is su�cient to capture small-scale topography along thin, sublinear

targets such as the Landers earthquake rupture in Section 2.4.2, where the area of interest is

narrower than the width of a single photograph footprint. Lawnmower acquisition patterns

are e�ective at covering wider targets, such as the Washington Street site in Section 2.4.1.

Given su�cient photograph overlap, data resolution is determined by the height of the

platform. In our case, the length and weight of our kite string limited the balloon to an

elevation of � 120 m AGL (at close to sea level), while the glider can 
y at a few hundred

meters AGL. When photographs are taken closer to the ground, SfM point cloud density and

DEM resolution improves at the expense of smaller photograph footprint size and overlap,

with a resulting increase in the time taken to survey a given area. We explore these trade-o�s

with photosets collected at a range of heights in Section 2.4.1.

2.3.2 Data processing

We build the SfM point clouds and DEMs using the commercial Photoscan Pro software

made by Agisoft LLC, from now on termed Photoscan. We choose this software for its two

principle advantages over other published procedures (Figure 2.2). Firstly, Photoscan is able

to implement camera GPS positions into the SfM calculationsas opposed to relying entirely

on ground control points (GCPs) for scene georeferencing, as the other work
ows do. Using

these initial position estimates expedites the scene reconstruction. Secondly, Photoscan can

do all of the steps in the processing chain itself, whereas the other approaches rely on several

separate programs to build a �nal, georeferenced model (Figure 2.1).

The highly automated Photoscan work
ow generates topography and texture from a

photoset in four main steps; for a more complete descriptionof this work
ow and some of
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the algortihms employed, see Verhoeven [72]). (1) The photographs are loaded, including

their tagged GPS positions if available. Usually, these are stored in the EXIF metadata of

each JPEG along with certain other camera parameters and are easily loaded into Photoscan.

(2) Matching features are automatically identi�ed and the scene structurecamera positions

and orientations and colored point cloudis constructed. Atthis stage, the point cloud can

be exported in ASCII or LAS formats and in a user speci�ed coordinate system. (3) A DEM

is constructed from the point cloud by �tting polygons to points that characterize a facet

of the ground surface. This mesh can also be exported in a variety of common formats and

coordinate systems. (4) Finally, an orthorecti�ed composite photograph is generated.

In practice, some guidance by the user is required. In step (1), we quality check the

photos, discarding those that are blurry or dominated by sky(this can occur during glider


ights when the aircraft banks). Steps (2) and (3) are automated processes guided by user-

speci�ed accuracy and quality options. Step (2) can be completed at three levels of accuracy,

which trade o� against processing time. While still at the survey site, we run this step at

the lowest setting on a �eld laptop in order to check that we have complete photograph

coverage, but for the �nal point clouds presented in this study we choose the highest level

possible. Photoscan can interactively tidy up the point cloud by removing poorly constrained

points that have high reprojection or reconstruction errors or mismatched points that lie far

from the surface. This step is not required, but it does improve the point cloud by �ltering

erroneous points and leaving only those that represent a continuous surface; it can also make

subsequent gridding considerably quicker.

Step (3)|building the geometry, or mesh, that characterizes the topography|can be

completed at �ve quality levels, with processing time againincreasing signi�cantly at each

level of improvement. Here, the word quality has no implications for accuracy of the point

cloud, but instead refers to resolution. When the highest level of quality is selected, the model

is built using the densest possible point cloud, which exploits the original photographs at full

resolution; for each step reduction in quality setting, thedensity of the sourced point cloud
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decreases by a factor of two, as downsized versions of the photographs are used. This step

can be further expedited outside of Photoscan by using alternative programs to generate the

DEM; we used GEON points2grid [73], which computes at each grid node the minimum,

maximum, mean, or inverse distance weighted mean value of points within a user-speci�ed

search radius. This requires more interaction from the user, but is less time and graphics

processor intensive than step (3) in Photoscan and avoids certain artifacts (addressed in

Section 2.4.1).

As the number of photos used to build the point cloud increases, the time required for

Photoscan to complete these steps grows signi�cantly. When using low quality settings on

tens of photos, Photoscan can complete the work
ow in minutes, while high quality settings

on hundreds of photos can take up to a few days. Processing time is expedited by using

a powerful computer with a large RAM, multiple cores, and a high quality graphics card.

Here, we use an eight-core Intel 7 processor with 32 GB Ram and an Nvidia GeForce 670

graphics card. Similarly, point cloud �le sizes scale upward with quality settings, as do

export times. For this reason, we choose to primarily work with point clouds generated at

the low quality setting: those downsampled by a factor of eight. This preference holds for

the analyses performed throughout this work; however, our DEMs are gridded using denser

point clouds (respective qualities for each site and test are identi�ed in sections 2.4.1 and

Galway).

A few additional steps are required to register the grids if very accurate geospatial coor-

dinates are desired. As described above, the SfM data are initially georeferenced using the

instantaneous coordinates of the cameras GPS that are stamped to the metadata of each

picture. This capability signi�cantly decreases the processing time as an automated part

of the photo alignment stage, and eliminates the time spent deploying and/or identifying

ground control points. However, errors in the camera GPS location can lead to shifting,

tilting, or warping (bending, stretching and shrinking) ofthe resulting topographic data, as

we demonstrate in Section 2.4. For applications in which such distortions are a signi�cant
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hindrance, the user must incorporate independently located ground control points (GCPs).

In this case, the user assigns coordinates to a few evenly distributed features within the scene,

and Photoscan optimizes the point cloud to better �t these new constraints. In the data

presented below, we use GCPs deployed and surveyed using di�erential GPS (Section 2.4.1)

or prominent natural features that are easily identi�able in existing LiDAR data (Section

2.4.2).

2.4 SfM data assessment at two test sites

Previous studies had mixed results when comparing SfM and LiDAR datasets [15, 40, 41].

In this section, we demonstrate our SfM mapping system at two�eld sites, and assess

the accuracy by comparing our datasets to existing airborneor terrestrial LiDAR. We use

two steps to compare the pairs of datasets, both implementedin the open source software

CloudCompare (http://www.danielgm.net/cc/).

(1) We apply the iterative closest point algorithm (ICP) to achieve a global alignment of

the SfM point cloud with the reference LiDAR point cloud [74, 75]. ICP works iteratively to

�nd the rigid body transformation (translation and rotatio n) that minimizes closest point

pair distances between clouds. This step helps account for remaining di�erences in the global

registration of the two datasets that result from changes inabsolute GPS positioning between

the two surveys, but does not a�ect the internal shape of either dataset.

(2) Having applied the global ICP transformation, cloud-to-cloud distances can be mea-

sured independent of these registration di�erences and which therefore only re
ect discrep-

ancies in the internal shape of each point cloud. For each point in the reference LiDAR point

cloud, we locate the nearest point in the transformed SfM cloud and measure the vertical

component of the Euclidian distance between the two. We choose to measure this distance at

each LiDAR point, rather than at each SfM point, based on the lower density of the LiDAR

points; this con�guration ensures smaller distances between each pair of compared points.

We demonstrate our work
ow at two �eld sites in southern California (Figure 2.4). The

Washington Street site covers a small portion of the Banningstrand of the southern San
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Andreas fault. Here, we compare the SfM topography with the B4 airborne LiDAR survey

[76], a rich dataset collected in May 2005 which led to the identi�cation and characterization

of hundreds of geomorphic o�sets along the southern San Andreas fault [35, 36, 77] as well

as the central San Jacinto Fault [48]. The Galway Lake Road site [17] covers a short segment

of the 1992 Landers earthquake surface rupture on the Emerson fault. Here, we compare the

SfM topography to a local terrestrial LiDAR dataset collected in 2009 (details in [58]). The

aim of our survey at this location was to test its suitabilityfor mapping sublinear ruptures

at short notice, such as in response to an earthquake. Our SfMtopography datasets are

freely available for download from the OpenTopography portal (www.opentopography.org).

Figure 2.4: Quaternary fault map of southern California showing locations of the Washington
Street and Galway Lake Road (see inset for location of main map). Faults are from the USGS
Faults and Folds database [78]. The San Andreas Fault and Landers earthquake rupture are
highlighted in bold. The Washington Street site lies on the Banning strand of the San
Andreas Fault, � 2 km SW of the Mission Creek strand and� 8 km NW of where these two
strands merge.
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2.4.1 Results: The Washington Street Site, San Andreas fault

The Washington Street site, centered at 33� 48 58 N, 116� 18 40 W, covers a small section

of the southern Banning strand of the San Andreas fault, alongthe southwestern margin

of the Indio Hills east of Palm Springs, California (Figure 2.4). Neither this fault, nor the

northern Mission Creek strand, have ruptured historically, contributing to the uncertainty

in how the slip accommodated along the San Andreas fault is partitioned between these

two sub-parallel structures [e.g. 79]. At the target site, the Banning fault strand crosses a

sparsely vegetated Quaternary alluvial fan incised by an active channel.

We collected over 1000 photographs of the Washington Streetsite covering a� 300 x� 300

m area (� 0.1 km2) using both the helium balloon and motorized glider as camera platforms.

Data collection, including system assembly and disassembly, took less than two hours for

each platform. We selected� 800 usable photos captured from the balloon at three di�erent

heights AGL: 50 m, 100 m, and� 120 m. For each height, we pulled the balloon at walking

pace along a lawnmower path where each line intersected the fault at a near-perpendicular

angle. The Nikon D5100 camera shot interval was set to 5 s. In addition, we took 107 photos

from the glider 
ying at heights of 150{300 m AGL and at speedsof 7{10 m/s, covering an

area about four times the size of that mapped with the lowest-
ying balloon. The gliders

Canon PowerShot SX230 HS camera was programmed to capture photographs at a 5 s

interval, which provided good photo coverage at these elevations and velocities.

Following photo collection and selection, we loaded and processed each set of photos inde-

pendently in Photoscan, in order to compare results for di�erent platform heights, collection

strategies, and processing settings. Table 2.1 lists the results for each of the Washington

Street site SfM photosets, as well as details of the B4 LiDAR data for comparison. For

each balloon photoset, we initially built the DEMs at the medium quality setting, but for

the higher elevation glider photoset (150{300 m AGL) we usedthe high quality setting. Al-

though increasing the height of the balloon enabled wider ground footprints of each photo

(and therefore quicker coverage of the whole site), the resulting point cloud density su�ered;
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for example, doubling the height of the balloon decreased the point cloud density by more

than 50%. We also produced a DEM at the best available (ultrahigh) quality setting for

the low altitude balloon photoset to observe how this altersthe resolution. The resulting

DEMs 3 cm resolution is more than three times �ner than that ofthe medium quality DEM

constructed from the same photoset, but took considerably longer (several days, as opposed

to several hours) to build.

Table 2.1: Summary of photosets and topographic datasets from the Washington Street
site, San Andreas fault. SfM{structure from motion. Table compares the e�ect of platform
height an DEM (digital elevation model) build quality on the resulting point cloud density
and DEM resolution. The last line describes the B4 lidar (light detection and ranging) survey
[76]. N/A{Not applicable.

Dataset
type

Platform Flying alti-
tude (m)

Number
of pho-
tos

Point
den-
sity*
(90%)

Point
den-
sity*
(50%)

DEM build
quality

DEM pixel
dimension
(cm)

SfM Balloon 50 233 > 60 700 Medium 10
SfM Balloon 100 273 > 20 > 205 Medium 20
SfM Balloon � 120 244 > 8 > 125 Medium 27
SfM Balloon 50 233 > 60 > 700 Ultrahigh 3
SfM Glider 150-300 107 > 2 > 15 High 11
Airborne
lidar

Airplane 600 N/A > 1 > 1.75 N/A 50

* Note: Point density is for the low-quality setting, in points/m 2. height

SfM results at the ultrahigh quality setting are shown in Figure 2.5a (DEM draped with

orthophoto) and Figure 2.6a (DEM). At the low quality setting, 50% of the SfM point

cloud contains> 700 points/m2 and 90% contains> 60 points/m2, making the point cloud

signi�cantly denser than that of the airborne LiDAR (Figure 2.5b inset and Figure 2.5c).

SfM point densities generated at the ultrahigh quality setting are eight times higher. SfM

point density increases with photo coverage (Figure 2.6b), and is therefore highest in the

central region of the scene and lower around the edges. At such high density, the structure

of the site is evident in the SfM point cloud even at very closerange (Figure 2.5b, inset).

Furthermore, each point in the cloud is colored with its red/green/blue (RGB) values, an
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improvement upon airborne LiDAR in which often only a return intensity is recorded. This

color information could potentially be useful for stripping vegetation from the scene (in this

case bushes, which appear as dark lumps contrasting with thelighter alluvium), perhaps

using an adaptation of the method by [80], which removes canopy returns from airborne

LiDAR point clouds by �ltering intensity values.

Figure 2.5: (a) Perspective view of the �nal Photoscan DEM anddraped orthophoto from
the Washington Street site. Camera positions are shown as blue rectangles and the normal to
each photograph is marked by a black line. (b) A close-up viewof the low quality SfM point
cloud (several hundred points/m2) inside the red polygon in(a). At greater magni�cation
(inset) the individual colored points are visible. (c) The B4 airborne LiDAR point cloud (2{4
points/m 2) in the same region as (b), colored by intensity and clearly showing the individual
scan lines of the survey [76].

A comparison of the 3 cm-resolution SfM DEM to the B4 airborneLiDAR DEM gridded

at 0.5 m resolution is shown in Figures Figure 2.6c and d. At thismagni�cation, the LiDAR

DEM appears pixilated and in this locality it also shows a striped corduroy pattern, an

artifact common to airborne LiDAR data due to misaligned overlapping 
ight lines. The

SfM DEM reveals cm-scale details that do not stand out in the airborne LiDAR DEM due to

its lower resolution and corduroy. Airborne LiDAR surveys nowachieve signi�cantly higher

point cloud densities than the B4 survey did (> 10 points/m2 compared to 2-4 points/m2),
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Figure 2.6: (a) Washington Street site SfM ultrahigh qualityDEM produced with the pho-
toset collected by the helium balloon at 50 m above ground level, arti�cially illuminated
from azimuth 155� , elevation 21� . (b) Density map of photograph footprints for the same
survey. Black dots show the camera location at the time of each photo. (c) Boxed region
of SfM DEM shown in (a). The blue arrow shows path of the main channel in 2013. The
green line shows the location of the cross-scarp pro�le in Figure 2.9. (d) B4 airborne LiDAR
DEM over the same area [76]. The DEM was generated from the rawpoint cloud using
GEON points2grid [73], taking the inverse distance weighted value at 0.5 m node spacing
and using a search radius of 0.8 m. The red line shows the location of the cross-scarp pro�le
in Figure 2.9. Note the di�erence in channel 
ow path when the LiDAR dataset was acquired
in 2005 (blue arrow).

but even these would appear pixilated in comparison to the SfM data at the magni�cation

shown here. Nevertheless, for many tectonic applications the point densities achieved by

airborne LiDAR are more than su�cient, and these problems areo�set by the large areas

(up to hundreds of square kilometers) mapped in these surveys, which could not feasibly be

covered with our SfM system.

When the geometry and resulting DEM is built at lower qualities, we �nd that Photoscan

�ts the point cloud surface with large, sharp polygons (Figure 2.7a). Although the resolution
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of the DEM is nominally 10 cm, �ne details of the geomorphologyare badly obscured by

these artifacts. This is an issue with the gridding of the DEMrather than with the point

cloud itself, and alternative gridding software generatedmuch smoother results using the

same point cloud data (Figure 2.7b).

Figure 2.7: (a) SfM DEM of the Washington Street site built in Photoscan at the medium
quality setting shows polygonal artifacts. The extents of this �gure are the same as in Fig-
ure 2.6c and Figure 2.6d. (b) SfM DEM built from the same Photoscan point cloud but now
gridded with GEON points2grid [73], removing the polygonalartifacts. After experimen-
tation, a 0.08 m node spacing with a 0.10 m search radius and inverse distance weighting
allowed us to achieve �ne detail without leaving holes.

Assessing SfM accuracy without ground control points (GCPs)

Initially, we compare the alignment of the SfM topography with the B4 airborne LiDAR

dataset using the ICP alignment and cloud-to-cloud distance computation described at the

start of Section 2.4. For this �rst comparison, we do not use GCPs, and our SfM dataset is

georeferenced using only the camera GPS points and lens metadata stamped to each JPEG.

In this instance, all ICP translational components were on the order of meters, re
ecting a

signi�cant mismatch in the GPS registration of the two surveys. All rotational components

were 0.01 radians, values that re
ect tilting of the SfM dataset. For some applications this

is an important point, because without an alternative (LiDAR) dataset, registration errors

would produce residual slope errors in the SfM point cloud.

Results of the cloud-to-cloud distance computation (afterglobal registration) show that

50% of the LiDAR points deviate vertically from the closest SfM point by < 10 cm and 90%
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by < 41 cm (Figure 2.8). The largest deviations are observed in four types of areas: (1) steep

slopes, (2) outer edges of the di�erence map, (3) large bushes, and (4) active or recently

active stream channels. In the case of steep terrain, it is unclear whether the deviations

result from errors in SfM point positioning, or from uncertainties in LiDAR heights which

increase on steep slopes due to the larger footprint of the steeply inclined laser beam [81].

Higher deviations around the outer edges of the di�erence mapare likely to be primarily

caused by errors in SfM point positions, as these were reconstructed using fewer photographs

from a smaller range of look angles than data in the central part of the scene. Bushes, many

of which appear as red dots in the di�erence map, may have grown, died, or otherwise

changed between the 2005 LiDAR survey and the 2013 SfM survey.These deviations might

also re
ect partial penetration of shrubs by LiDAR. The stream channel switched its primary

course during the 8{year period between surveys (Figure 2.6cand Figure 2.6d) such that

both the old and new stream channels have undergone some erosion or deposition, which is

re
ected in the di�erence map. A �nal, but minor, discrepancy between the two datasets

results from the mapping of a passing car by the airborne LiDARsurvey and the inclusion

of our parked �eld vehicles parked in the SfM dataset.

Despite the small vertical cloud-to-cloud distances, the magnitudes of the rotational com-

ponents of the ICP alignment matrix determined in Cloud Compare indicate that our SfM

point cloud is tilted compared to the airborne LiDAR. We visualize the extent of this tilt-

ing by comparing a cross-scarp pro�le from the SfM DEM to the same pro�le through the

airborne LiDAR DEM (Figure 2.9; pro�le locations shown in Figure 2.6c and Figure 2.6d).

This analysis con�rms that the SfM dataset was indeed tiltedbefore the global ICP trans-

formation was applied, resulting in a steeper apparent slope and slightly larger apparent

vertical displacement across the scarp than actually exists.

Assessing SfM accuracy with ground control points (GCPs)

For some tectonic applications of high-resolution topography, such as scarp degradation

modeling [e.g. 57, 82{84], and hillslope and drainage network analysis [e.g. 85, 86], these
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Figure 2.8: Comparison between airborne LiDAR point cloud andthe SfM point cloud built
at the low quality setting without ground control points for the Washington Street site. (a)
Vertical distances between each LiDAR point and its closest SfM neighbor. (b) A histogram
showing the spread in these values across the entire scene. The color scale is the same in
both map and histogram, and saturates at 0.5 m to better capture the variation at small
distances. The comparison reveals that most of these distances are less than 10 cm.

Figure 2.9: Topographic pro�le crossing the Washington St site fault scarp in the location
indicated in Figure 2.6c (green line) and Figure 2.6d (red line). (a) SfM DEM without GCPs
(green) is compared to the B4 airborne LiDAR DEM (red). (b) Same as panel (a) but the
green line now corresponds to the SfM DEM optimized with GCPs. This comparison shows
that although the absolute location of the GCP-optimized SfM DEM di�ers from that of the
airborne LiDAR by � 1 m (presumably re
ecting slight di�erences in GPS base stations),
the tilting of the SfM topography observed in (a) has been removed.
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errors in slope could compromise the quantitative analysisof the landscape. We therefore

investigated whether providing Photoscan with a few precisely located ground control points

(GCPs) as additional constraints can eliminate tilting andother distortions from the SfM

topography. This test helps establish our con�dence in SfM topography in areas where no

LiDAR data exist and where comparisons like those in Figure 2.8-Figure 2.10 are impossible,

but where GCPs can be used.

First, we produced a modi�ed SfM point cloud optimized in Photoscan using nine GCPs.

These were sourced from a set of di�erential GPS transects, which follow several features

within the central portion of the Washington Street site. The transects were collected with

a Trimble GeoXH Handheld GPS in January 2013, and were post-processed with local base

stations to produce absolute uncertainties of� 20 cm. The GPS data were overlain on an

aerial photograph, which was easy to correlate with the SfM orthophoto. We identi�ed

features distinguishable in both images that correspondedto points on the GPS transect,

and marked their locations (easting, northing, and elevation) in the SfM point cloud.

Next, we repeat the ICP and cloud-to-cloud di�erencing testswith this GCP-optimized

SfM point cloud and the airborne LiDAR. The incorporated GCPseliminate much of the ap-

parent warping: 50% of the LiDAR points now deviate vertically from the closest SfM point

by < 3 cm and 90% by< 13 cm (Figure 2.10), down from< 10 cm and< 41 cm without use

of GCPs (Figure 2.8). Crucially, these new vertical residuals are close to the 5{10 cm spot

height uncertainties reported for the B4 LiDAR survey [87]. While small residuals are still

present in areas of high slope, vegetation and around the SfMsurvey border, the switched

stream channels now stand out indicating genuine morphological change. Importantly, even

before applying ICP, the tilt of the SfM dataset is now corrected. ICP alignment of the

GCP-optimized and airborne LiDAR point clouds yields reduced rotational components of

< 0.003 radians, indicating only marginal tilting. This is demonstrated visually by compar-

ing cross-scarp pro�les through each dataset with no ICP applied (Figure 2.9b). The SfM

pro�le now mimics the slope the LiDAR pro�le, the only remaining di�erence being a slight
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translational o�set of � 0.1 m vertically and � 0.9 m horizontally. Presumably this re
ects

small registration di�erences between the local GPS base stations used for each survey.

Figure 2.10: Same plot as in Figure 2.8, but now using the Washington Street SfM dataset
that was optimized with GCPs. The color scale is the same in both (a) map and (b)
histogram as well as in Figure 2.8. White dots indicate locations of the GCPs that were
used. Using GCPs reduces most vertical distances to< 3 cm and the worst locations occur at
the perimeter of the scene, further from the GCPs and where topography was more rugged.
The comparison also highlights some morphological changesin the scene: the red and yellow
areas in the main channel probably represent the switching of the active channel (erosion
and deposition) between 2005 and 2013 (see Figure 2.5c and d).

Tectonic interpretation of the SfM topography

Finally, we use the detailed SfM topography to evaluate geomorphic o�sets on the alluvial

fan, also incorporating �eld observations of fault gouge and fault orientations. Faulting on

the fan surface occurs over a� 20 m-wide zone that includes a distinct, southwest-facing

scarp (Figure 2.11). At the largest scale, the margins of the fan (marked on Figure 2.11 by

orange lines) are o�set right-laterally by 20-25 m, providing an estimate for the total slip

across the fault zone since deposition of the fan. The total apparent vertical displacement

across the scarp, measured from Figure 2.9b, is� 0.8 m. In the long-term, this dip-slip

has contributed to uplift of the Indio Hills, but it is nevertheless a small component (less

than 5%) of the total slip on the strike-slip fault at this locality. At the smallest scale,

a set of incised channels and an intervening bar are o�set 2.4{3.3 m right-laterally across
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the southwestern-most scarp only. These channels, very distinct in the SfM but di�cult to

discern on the B4 LiDAR due to the coarser resolution and corduroy (Figure 2.6d), are more

incised on the scarp face and down-slope fan. This suggests that they were refreshed after

older earthquakes produced vertical displacement across the fan surface, and were then o�set

by the last earthquake(s) along only the southern-most fault. The magnitude of right-lateral

displacement (� 3 m) is similar to the average slip estimated for the last event along this

section of the San Andreas Fault by [77], and may be the productof the ca. 1690 earthquake.

More generally, these results show that improved topographic data from SfM can be used to

augment datasets of small o�sets on active faults.

Figure 2.11: Interpreted SfM DEM of the Washington Street site. Red lines mark fault
traces that were mapped using a combination of de
ected channels and topography evident
in the SfM DEM, and �eld observations of gouge zones (see red dots) and lineaments. The
southwestern strand forms a clear scarp with an apparent vertical displacement of� 0.8 m
(up on the NE) and also right-laterally o�sets a channel (yellow) and bar (blue) by � 3 m.
This is the same scarp pro�led in Figure 2.9. Margins of the fanare outlined in orange and
are o�set right-laterally by 20{25 m, depending on the projection across the fault zone.

2.4.2 Results: The Galway Lake Road Site on the 1992 Landers earthquak e
rupture

The Galway Lake Road site, centered at 34� 32 14 N, 116� 33 05 W, covers a short

segment of the Emerson fault, which ruptured as part of the 1992 Mw 7.3 Landers earthquake
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(Figure 2.4). The site lies close to both the earthquake epicenter and the peak of the

measured slip distribution [88], and was chosen to explore the potential for deploying SfM

in the immediate aftermath of an earthquake. At this site, the 1992 rupture is marked by a

prominent southwest-facing scarp in folded lakebed and alluvial deposits, thought to re
ect

a reverse faulting component to the coseismic slip. The scarp accommodated a maximum

vertical displacement of� 2 m as well as horizontal (dextral) slip of up to� 4 m and has

been monitored for geomorphic change since 1992 [17].

We surveyed a� 1 km{long section of the surface rupture using the same aerial platforms

and camera set-up as at the Washington Street site. Both the helium balloon and motorized

kite photosets required about half an hour to set up and another hour to survey. Here

we focus on the 450-photograph balloon dataset which was captured from 60 m AGL in

a traverse along the fault (Figure 2.12b). In Photoscan, we used this photoset to produce

a point cloud of which 90% contains> 65 points/m2 and 50% contains> 530 points/m2

(at the low quality setting), as well as a 2 cm-resolution DEM(Figure 2.12a). Like the

Washington Street site, point density for the Galway Lake Road site increases in areas of

higher photo density, and also increases by a factor of two with each increasing level of

quality (Figure 2.12b).

We compare the SfM topography to an existing, high density (230 points/m2) terrestrial

LiDAR dataset (Figure 2.12c) collected in 2008 (see [58] for details). This GPS-controlled

LiDAR survey took trained personnel two days to complete using two scanner units, but

covered an area less than half the size of that surveyed by SfM(Figure 2.12a). Scanner

positions were mostly southwest of the fault and faced northeast, in order to densely sample

the scarp face. As a result there are data gaps (shadow zones) on the northeast side of

thick bushes, in narrow gullies incised into the scarp footwall, and in a few other regions

that were hidden from the scanner line of site. These areas were all densely sampled by SfM

(Figure 2.12a), although in contrast the LiDAR better characterized the scarp face.
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Figure 2.12: Galway Lake Road site along the Emerson fault. (a) SfM DEM built in Pho-
toscan at the ultrahigh quality setting, arti�cially illum inated from azimuth 57� , elevation
64� . Red triangles point to the fault scarp generated in the 1992Landers earthquake. (b)
Photograph footprint density plot for the SfM dataset. (c) Terrestrial LiDAR DEM of area
enclosed by the black polygon in (a), gridded at 5 cm resolution in GEON points2grid [73]
and enlarged to show detail. Details of this dataset are provided in [58]. The elevation scale
at bottom right scales both (a) and (c).

Using the procedure described in Section 2.4.1, we performedan ICP alignment of the

overlapping portions of the SfM and terrestrial LiDAR point clouds, and then compared each

terrestrial LiDAR point to the nearest SfM point. When only thecamera GPS positions were

used as geospatial constraints, 90% of vertical closest point distances are< 39 cm and 50%

are < 8 cm (Figure 2.13a, c). The largest discrepancies coincide with the northwestern end

of the SfM survey, which was reconstructed from a small rangeof photograph viewpoints.
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As at the Washington Street site, bushes, steep slopes, and parked vehicles are also marked

by higher cloud-to-cloud distances

Figure 2.13: Plots of the vertical distances between each LiDAR point and its closest low
quality SfM point cloud neighbor at the Galway Lake Road site, and histograms showing
the spread in these values across the entire scene. In (a), weuse the SfM dataset that was
constructed without GCPs; the histogram is shown in (c) on the left. In (b), we use the SfM
data that were optimized with GCPs (see white circles); the histogram is shown in (c) on
the right.

Next, we attempt to reduce these discrepancies by optimizingthe overlapping portion of

the SfM topography with GCPs. We used nine GCPs sourced directly from the terrestrial

LiDAR DEM, each one corresponding to a prominent feature easily identi�able in both

datasets. After optimizing the SfM point cloud, the closest point distances are slightly

reduced to< 32 cm for 90% of the terrestrial LiDAR points and< 6 cm for 50% (Figure 2.13b,
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c). This indicates that the two datasets are not as closely vertically aligned as the equivalent

Washington Street site datasets. We attribute this greatermisalignment to the sub-linear

nature of the Galway Lake Road photoset, which limits the azimuthal coverage of matched

features on the ground compared to the lawnmower pattern of photograph collection deployed

at the Washington Street site.

2.5 Discussion

Having established and tested our work
ow for generating high-resolution topography

with SfM, we now discuss the outlook for this technology in mapping sparsely vegetated

landscapes, with a focus on applications in active tectonics. One powerful application of SfM

will be to reveal and characterize subtle geomorphic features that provide information about

the fault slip distribution during past earthquakes. [35, 36] and [48] have demonstrated this

concept using B4 airborne LiDAR data in central and southern California. SfM is an excellent

alternative to LiDAR for such studies, producing denser topographic data than airborne

LiDAR and more homogenous spatial coverage than terrestrialLiDAR, with considerably

less time spent in the �eld and less power required to collectthe primary data. SfM thus

has the potential to provide an unparalleled density of o�set measurements at very high

accuracy, allowing for improved knowledge of past earthquake slip distributions and thus

a better gauge of paleo-earthquake magnitude. These valuesof slip and magnitude are

important to regional seismic hazard analyses [e.g. 77, 89]. As it can be deployed quickly,

it will also be valuable for post-earthquake documentationof fragile features in fault zones

[65]) and distributed deformation across surface rupture zones [7]).

A similar application worth investigating with SfM data is scarp degradation modeling,

in which the age of, or vertical displacement rate across, anearthquake scarp is estimated

through detailed knowledge of its shape and the local rate ofsediment di�usion [e.g. 82,

83]. Morphological scarp dating requires high-resolutioncross-fault topographic pro�les that

can be easily extracted from carefully registered SfM topography including in areas where

airborne or terrestrial LiDAR surveying is impractical or too expensive. This application is
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an exemplary case in which SfM will require precisely surveyed ground control points; any

warping or tilting to the cross-fault topography pro�les (as we observed in Figure 2.9) could

signi�cantly impact the recovered scarp ages and displacement rates.

Finally, the a�ordability and 
exibility of SfM opens up the p ossibility of using high-

resolution topography as a monitoring tool in areas of limited vegetation, in a way that

would be di�cult, time consuming, and expensive with airborne or terrestrial LiDAR. This

capability has already been demonstrated by [15] in their multi-temporal ground-based SfM

study of cli� erosion. Aerial SfM systems such as the one we outline here, combined with

simple algorithms for di�erencing topographic datasets [e.g. 18, 59, 90{92], could be a power-

ful new tool for measuring and monitoring detailed 3-dimensional fault zone deformation and

other related topographic changes such as landsliding, fault scarp degradation and knick-

point retreat.

2.6 Conclusions

Structure from Motion is an a�ordable and expedient way of generating high-resolution

topography in areas of sparse or low-lying vegetation. We use an a�ordable, aerial platform-

based SfM system to map two� 0.1 km2 sites on southern California faults. Using data

collected within just a few hours, we are able to construct textured (colored) point clouds

and DEMs with densities of hundreds of points/m2 and resolutions of a few cm, respectively.

Incorporating a few di�erential GPS ground control points results in closest point deviations

of just a few centimeters between the SfM point clouds and existing airborne and terrestrial

LiDAR data, distances which are within the bounds of formal errors in the airborne LiDAR

point positions. SfM has rich potential for enabling scientists to map and monitor faulted

landscapes in unparalleled detail.
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CHAPTER 3

REVISITING THE SOUTHWESTERN MONTANA 1959 Mw 7.2 HEBGEN LAKE

EARTHQUAKE SURFACE RUPTURE, SLIP DISTRIBUTION, AND GEOMETRY

WITH AIRBORNE LIDAR

A paper to be submitted toJournal of Geophysical Research.

Kendra L. Johnson 1, Edwin Nissen 1;2, and Lia Lajoie 1

Abstract

The 1959Mw � 7.2 Hebgen Lake earthquake is among the largest continental normal

faulting events recorded. We augment early �eld, seismological and geodetic studies by inves-

tigating the modern surface rupture using airborne lidar topography. Along the rangefront-

forming Hebgen and southeastern Red Canyon faults, throw measurements from scarp pro-

�ling often substantially exceed slip surveyed immediately after the earthquake. The scarps

do not conclusively express multi-event landform characteristics such as bevels, but must in

places capture both the 1959 earthquake and one or two preceding Holocene events known

from trenching. This has wider, cautionary implications for interpreting paleo-earthquake

chronologies and deriving magnitudes from morphologically-simple scarps. Conversely, we

seldom observe composite scarps along the Red Canyon fault Kirkwood Ridge section, either

due to lower preservation potential or because this strand does not normally rupture with the

others and lacks earlier Holocene events. Fault dip estimates derived by �tting planes to the

three-dimensional rupture trace vary substantially over short wavelengths | implying either

small-scale segmentation at depth, or in
uence from inherited Laramide structures on the

modern faulting | but average � 30� {45� , lower than seismological and geodetic estimates

and consistent with an anti-listric geometry. Finally, we assess the surface slip distribution

1Department of Geophysics, Colorado School of Mines
2School of Earth and Ocean Sciences, University of Victoria
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spectral characteristics along the three principle rupture strands. Slip along the Hebgen

and SE Red Canyon faults is rougher than on the Red Canyon fault ridge section, perhaps

because the latter exploits weak bedding planes, breaches thinner colluvium, or only re
ects

slip from a single event.

3.1 Introduction

Surface ruptures are normally the only place where we can directly observe earthquake

faulting. Critical aspects of the earthquake process may beexpressed in its surface rupture,

including source complexity [e.g. 2, 3], rupture propagation dynamics [e.g. 4, 5], material

strains [e.g. 6, 7], fault damage zone development [e.g. 8, 9], and slip histories over multiple

earthquake cycles [e.g. 1, 48].

Modern optical satellite imagery enables surface faultingsampling at much higher spatial

densities than is typically possible with �eld mapping. \Before" and \after" photograph sub-

pixel correlation, now routine for modern large earthquakes, can provide a high-resolution

horizontal deformation �eld from which surface slip can be sampled [10]. However, these

methods retrieve only horizontal displacements, and so have been applied predominantly to

strike-slip earthquakes. Recovering vertical slip along dip-slip earthquakes is more challeng-

ing, since it relies upon three-dimensional (3-D) surface topography or stereo imagery rather

than merely two-dimensional surface texture. This dependence on less available 3-D data

has restricted high-density surface slip pro�ling of dip-slip earthquakes to just a few events

[11{13, 93].

Here, we reassess the 1959Mw 7.2 Hebgen Lake earthquake using new sub-meter resolu-

tion airborne lidar topography coupled with modern thinking about surface rupturing. This

event remains one of the largest continental normal faulting earthquakes recorded globally,

and the largest of any type to occur in the U.S. outside of Alaska or California during the

instrumental period. It was among the �rst earthquake ruptures surveyed in great detail

in the �eld [94{96], but a dense slip distribution has never been compiled. We map the
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surface rupture as it is preserved> 50 years after the earthquake and measure its vertical

throw, looking for correlations with surface geology and topography, and evaluating slip

roughness. We use the rupture intersection with topographyto estimate fault dip in the

shallow subsurface. We compare our results with fault geometries recovered from seismology

and terrestrial geodesy, as well as fresh scarp free face dips observed in the �eld immediately

after the earthquake, to reinterpret the 3-D structure of the causative faulting.

3.2 Earthquake background

The Mw 7.2 Hebgen Lake earthquake struck at 11:37 pm local time on 17 August 1959

in southern Montana (Figure 3.1a). Though far from any large town, this popular summer

vacation spot was busy with campers at the time of the earthquake. The earthquake trig-

gered a major landslide, the Madison Slide, that buried several campers and dammed the

Madison River, rapidly forming Earthquake Lake or `Quake Lake' (Figure 3.1b). Flooding

was exacerbated by a seiche that overtopped the dam of the Hebgen Lake reservoir upstream.

In total, at least twenty-eight people were killed or missing.

3.2.1 Regional tectonics and geology

Hebgen Lake is situated within the Centennial Tectonic Belt (Figure 3.1a), an area

of di�use, mostly NW-SE-trending normal faulting separated from the larger Basin and

Range extensional province by the aseismic Snake River Plain [97]. GPS velocities show NE-

SW-oriented extension of� 3 mm/yr over the whole Centennial Tectonic Belt [e.g. 98, 99].

Derived block models assign the most important individual faults slip rates of� 1 mm/yr,

but GPS velocities around Hebgen Lake are still dominated by post-seismic deformation

from the 1959 earthquake, preventing �rm constraints on strain accumulation rates in this

vicinity [99].

The Hebgen Lake region contains a� 2000 m-thick Paleozoic and Mesozoic sedimentary

sequence underlain by metamorphic basement [100]. During the late Cretaceous Laramide

orogeny, the Madison Range was thrust eastwards along the Cabin Creek zone, a narrow
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(� 5 km-wide) belt of folding and faulting that traverses the parallel Hebgen and Kirkwood

ridges NE of Hebgen Lake (Figure 3.1b). Hebgen Ridge is 
anked to the NE by the Wells

fault, and to the SW by the Johnson fault, both SW-dipping Laramide thrusts. Neither is

well-exposed, but [100] tentatively ascribe the Wells fault a dip of 20� {50� . Hebgen ridge

itself is composed mostly of sub-vertical, vertical, or overturned Mississippian to Permian

strata. The arcuate Kirkwood ridge is likewise bound to the NEby a Laramide thrust, the

� 20� SW-dipping Divide fault. Mississippian to Triassic strata outcrop near the ridge crest,

folded and overturned such that they dip south or southwestwards. Extension associated

with the modern Centennial Tectonic Belt started in the Miocene and has led to formation

of graben and half-graben along steep normal faults. Many early studies of the Hebgen Lake

earthquake took interest in the extent to which older Laramide structures guide the modern

faulting.

3.2.2 1959 surface ruptures

The Hebgen Lake earthquake surface rupture was among the �rstto be carefully mapped

immediately after the event. Most of the following description re
ects the early reconnais-

sance by [94] and subsequent companion papers by [95] and [96]. The earthquake produced

two main surface breaks: a� 10 km Hebgen fault rupture, and a� 23 km Red Canyon fault

rupture (Figure 3.1b). The Hebgen fault is a SW-dipping normal fault that closely parallels

the Laramide Johnson thrust, evident in the topography as thesharp, southern rangefront

of Hebgen Ridge and Mount Hebgen, with Hebgen Lake in its hangingwall. The Red Canyon

fault is a sub-parallel SW-dipping normal fault separated into two arcuate segments: a ridge

section high up the southern 
ank of Kirkwood Ridge, and a southeastern section bordering

the Grayling Arm of Hebgen Lake. [102] speculated that the Red Canyon scarp instead

marks the headwall of a major landslide reactivated in the earthquake, but we �nd no sup-

port for this interpretation for reasons discussed later. Shorter ruptures (< 1 km and� 3 km)

occurred on the structurally and topographically indistinct Kirkwood and the West Fork

faults, SE-dipping structures near the western end of the Red Canyon fault. The earthquake
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Figure 3.1: (a)Regional topography with late Quaternary faults from [78] and a �rst motions
mechanism for the 1959 Hebgen Lake earthquake from [101]. Major normal faults of the Cen-
tennial Tectonic Belt, with labels in the hangingwall, are:B = Beaverhead; C = Centennial;
E = Emigrant; L = Lemhi; LR = Lost River; R = Red Rock; S = Sawtoot h. (b) Overview of
the 1959 earthquake epicentral region, including epicenter estimates (arrows); primary sur-
face rupture trace (red) on the Hebgen (H), Red Canyon (RC), Kirkwood (K) and West Fork
(WF) faults; minor slip (red dashes) on the Madison fault (M) and unnamed faults south
of Hebgen Lake (U); and lidar coverage (yellow). Other geographical features are as fol-
lows: BC = Beaver Creek; BM = Boat Mountain; CC = Cabin Creek; CS = Corey Spring;
DC = Duck Creek; DJ = Dave Johnson Creek; EL = Earthquake Lake; GC = Crayling
Creek; HR = Hebgen Ridge; KC = Kirkwood Creek; KR = Kirkwood Ridge; MH = Mount
Hebgen; MS = Madison Slide; RC = Red Canyon Creek; SC = Section 31 Creek.
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also triggered minor slip on a short segment of the Madison fault and unnamed, scattered

faults south and southeast of Hebgen Lake, but this far-�eld deformation lies outside the

scope of this paper.

Scarps mostly cut alluvial deposits downslope from the bedrock contact, forming free

faces dipping 50� {90� observed soon after the earthquake [94{96]. The underlyingbedrock

faults dip more moderately, and thus steepen upwards (`refraction') at the free surface,

forming open �ssures, faulted graben, and slumped depressions at the foot of the scarp

where the hangingwall pulls away from the footwall. The� 60 slip measurements by [95] are

each presented with and without an adjustment for this e�ect; peak scarp heights of 20 ft

on the Hebgen fault and 19 ft on the Red Canyon fault are thus modi�ed to vertical surface

displacements of 19 ft and 15 ft, respectively. The extensive secondary scarps and �ssures

were located preferentially within the hangingwall. Fissure and fracture density appears to

be in
uenced by the underlying geology, with simple scarps atop steeply dipping underlying

strata (favorably oriented for slip) and wider �ssure zoneswhere they dip gently. In a few

places, there is no principal scarp, and the rupture splays into several strands with only

a few centimeters of slip on each. Where the rupture approaches the bedrock{colluvium

contact, prisms of colluvium remained attached to the bedrock in the footwall of the scarp

at least through the initial reconnaissance. Occasionally, thick sur�cial deposits de
ect the

scarp uphill of projected bedrock faults, using the underlying bedrock-colluvium contact

as a sliding plane. Parts of the rupture abut this contact andexploit pre-existing joint

surfaces or bedding planes, such as along the ridge section of the Red Canyon fault, where

displacement occurs along overturned Paleozoic strata. Exposed striations and slickensides

indicate vertical (dip slip) motion with little or no horizo ntal component.

In a few places, the 1959 rupture was visibly colocated with older, degraded fault scarps

[95, 96]. Near its southeastern termination within glacial outwash deposits of the West Yel-

lowstone Basin, the Red Canyon fault scarp superimposes on adegraded scarp of similar

height, which likely formed in the previous event. This composite double-event scarp itself
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lies at the base of a much larger (� 60 ft) embankment | presumably representing several

preceding earthquakes | that was cut backwards by an old course of Grayling Creek. De-

graded pre-1959 scarps were also evident west of Corey Spring on the Red Canyon fault, and

at the toe of the Kirkwood Creek fan on the Hebgen fault, but themain 1959 rupture is

not superimposed on these. Conversely, where the modern rupture is 
anked by bedrock on

both sides, there is no evidence for older displacements; faulting thus grew in lateral extent

during the 1959 earthquake, extending into previously intact rock.

Other studies have focused on the 1959 scarp degradation andburied paleoseismic record.

Resurveying parts of the scarp� 20 years and� 50 years after the earthquake, [103] and [84]

noticed that stable debris slopes of� 40� now characterized the central part of the scarp,

helping �ll in and cover over the original �ssures and depressions. In a few localities, a

small free face was still intact high up the scarp, but had retreated upslope from its original

position. [104] identi�ed �ve Holocene earthquakes (with ages � 7.0 ka, � 2.6 ka, � 1.7 ka,

and � 0.4 ka, and 1959) and the two latest Pleistocene events (� 24 ka and� 20 ka), each with

1{2 m of slip, from cosmogenic36Cl exposure dating at a limestone scarp on the Hebgen fault

southeast of Section 31 Creek. In contrast, three conventional but unpublished paleoseismic

trenches (two along the Hebgen fault at Cabin Creek and Section 31 Creek, and one on the

Red Canyon fault at Grayling Creek) found evidence for just three Holocene earthquakes:

the 1959 rupture and two earlier events at 1{3 ka and 10{15 ka [78, 105{108]. Though these

records are preserved below ground, scarps associated withthe penultimate earthquakes |

visible in photographs taken soon after the 1959 earthquake| are now largely removed

by upslope retreat of the free face, leaving a morphologically-simpli�ed scarp that in places

represents at least two earthquakes [107, 108]. We return tothis important point in our own

analysis of the lidar topography (Sections 3.3.2 and 3.4).

3.2.3 Seismology

The mainshock was initially assigned a magnitude ofM L 7.1 by the United States Coast

and Geodetic Survey (USCGS) based on regional recordings [109]. This was upgraded to
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M s 7.5 and Mw 7.3 based on waveform modeling and geodetic data [110, 111],and the

earthquake is currently listed asMw 7.2 by both the United States Geological Survey (USGS).

The initial USCGS epicenter lies� 5 km north of the eastern Red Canyon rupture terminus

[112] (Figure 3.1b). [101] relocated the epicenter, producing two revised estimates that

lie within � 1 km of the Red Canyon rupture trace, and noted that the earthquake likely

comprised two distinct sub-events separated by� 5 seconds. Reexamining regional and

teleseismic data, [110] assigned the �rst sub-eventmb 6.3 and the secondmb 7.0. Though

her own absolute epicenters are misplaced, lying northeastof the SW-dipping surface faults,

she did obtain preciserelative locations and found that the second sub-event initiated 5{

8 km south of the �rst. The current (single event) epicenter listed by the USGS is badly

mis-located,� 15 km southeast of the surface rupture. The wide spread of epicenters prevents

a con�dent assessment of lateral rupture directivity, although the location of many to the

east or southeast of the surface rupture (Figure 3.1b) hints at an overall northwestward

directivity [110].

UsingP-wave �rst motions, [101] resolved a SW-dipping nodal plane with strike 100� � 10�

and dip 54� � 8� (Figure 3.1a). The hypocenter depth is poorly-constrained by the sparse

near-source data, but [101] was able to de�ne a maximum value of � 25 km. [110] used short-

period �rst motions to resolve fault geometry at the hypocenter and long-period teleseismic

body waveforms to constrain a centroid mechanism and depth for both sub-events. She

concluded that both initiated on fault planes with strike 102� � 5� and dip 60� � 5� SW.

The �rst sub-event then propagated onto a fault with strike 95� � 5� and dip 42� � 5� ,

and the second onto a fault with strike 93� � 5� and dip 48� � 5� . Neither [101] nor [110]

state numerical values for rake; most of their graphical solutions seem to imply pure normal

slip, although Doser's waveform modeling solutions show a small component of left-lateral

slip. She obtained centroid depths for the two sub-events of10 � 2 km and 15� 3 km; the

lower bounds of these ranges seem most plausible given that the � 15 km local seismogenic

layer thickness as de�ned by maximum focal depths recorded by a subsequent microseismic
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deployment [113]. [110] suggests that the Red Canyon and Hebgen faults merge at depth

into a single fault on which both sub-events nucleated, but admits that the sub-surface

fault geometry and rupture history of the two sub-events cannot be con�dently recovered

from the relative hypocentral locations, centroid depths,and focal mechanisms, given their

uncertainties.

3.2.4 Geodesy

The vertical surface deformation �eld was contoured by [96]from measurements of the

relative pre-earthquake Hebgen Lake shoreline submergenceand benchmark releveling. They

recorded maximum subsidence of� 22 ft on the northern shoreline adjacent to the central

Hebgen fault, and lesser values of� 13 ft and � 5 ft in the Grayling and Madison Arms.

Where the surface faults parallel the lake shoreline, hangingwall subsidence exceeds adjacent

scarp heights except for the very peak values. Adding to the shoreline measurements with

far-�eld leveling line data, [111] inverted the surface deformation �eld for subsurface fault

geometry. Their preferred elastic dislocation model comprises two rectangular, uniform-slip

planes: 8 m of normal slip on an 18 km-long Red Canyon fault plane striking 136� and dipping

45� to 10 km depth, and 7 m of normal slip on the 18 km-long Hebgen fault plane striking

128� and dipping 50� SW to 12 km depth. The two planes are buried to depths of 1.7 km

and 0.3 km, respectively, perhaps implying a small shallow slip de�cit [e.g. 8, 114]. The

geodetic data permit, but do not require, a listric sub-surface geometry for the Red Canyon

fault, and support a planar Hebgen fault, such that it is possible, but not required, that the

two merge at depths of a few kilometers | much like in the seismological modeling of [110].

The � 30� {40� discordance in strike between the nodal planes from seismology [110] and the

dislocations from geodesy [111] presumably re
ects some additional sub-surface complexity

unaccounted for by either simpli�ed models.
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3.3 Data and Methods

3.3.1 Airborne lidar survey and rupture mapping

Airborne lidar topographic data were collected over most of the 1959 surface rupture in

October 2014 by the National Center for Airborne Laser Mapping(Figure 3.1b and Fig-

ure 3.2a). Laser returns were collected with an Optech Titanmultispectral sensor 
own at

750{1200 m above ground level, yielding a swath width of 850{1400 m with at least 50% over-

lap between adjacent swaths. Delivered data include a 7{11 points/m 2 classi�ed point cloud

and a 0.5 m-resolution bare-earth Digital Elevation Model (DEM), both available through

the OpenTopography portal. The� 62.5 km2 survey covers the full extent of the Hebgen,

Red Canyon, Kirkwood, and West Fork ruptures, but does not capture minor triggered slip

on unnamed faults around the Hebgen Lake Madison Arm, or on the Madison fault to the

southwest.

We begin our lidar data analysis by manually mapping the 1959rupture from �rst prin-

ciples. We traced the scarp on arti�cially-illuminated DEMs, looking for continuous, near-

linear steps in the topography, capturing a discrete surface rupture along some traces and

wider rupture zone with slumping, antithetic faulting, andsplaying on others. Because fault

segmentation and slip distributions are of great interest to us, we are careful not to extrap-

olate the fault trace across areas in which no surface scarp is visible. We are able to trace

scarps smaller than 0.2{0.3 m, which is the lower limit of vertical separation that can be

quanti�ed from pro�ling the lidar topography.

3.3.2 Vertical slip distribution

We measure fault throw (the vertical component of fault slip) from scarp-perpendicular

topographic pro�les at � 30 m intervals along our mapped rupture, and use the recovered

throw distribution to assess variability along strike, among di�erent source faults, and across

variable geology. Pro�le lengths vary from� 10 m to � 200 m, depending on the local geo-

morphology and the ease at which o�set markers can be identi�ed and de�ned. We project
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Figure 3.2: (a) Airborne lidar bare-earth DEM, arti�cially il luminated from the North, with
1959 surface rupture traces in red. Horizontal coordinates for this map and all subsequent
ones are Universal Transverse Mercator Zone 12 Eastings and Northings in kilometers. (b),
(c) and (d) show details of surface rupture at three example localities, with red arrows
pointing to the scarp.
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3 m-wide topographic swaths from the gridded lidar onto eachtwo-dimensional pro�le and

henceforth use the mean swath elevation. This acts as a simple smoothing �lter, aiming to

eliminate high-frequency topographic scatter produced bysmall-scale surface texture and

un�ltered vegetation while preserving the overall morphology of the faulted surface. Scarp

pro�les typically take the form shown in Figure 3.3, with readily-identi�able far-�eld slopes

o�set vertically across the fault. Sometimes, a small hangingwall depression is preserved at

the toe of the scarp, the remnants of �ssuring caused by faultsteepening in the near-surface,

for example near Grayling Creek (see Figure 3.10) [e.g. 95]. Rarely we observe a small free

face exceeding the angle of repose (� 40� ) preserved high up the scarp face, as was observed

in the �eld by [84]. We look for evidence of composite scarps in the pro�les and their deriva-

tives, checking for the characteristic shapes in Figure 3.4 (based on [115], see Appendix A).

Our pro�les do not uniquely correspond to single or multi event morphologies, keeping in

mind that subtle, long-wavelength characteristics of the scarp are in some places di�cult to

distinguish due to hummocky far-�eld slopes or anthropogenic modi�cation. Usually, pro-

�le derivatives can be loosely �t by the modeled slope pro�les of multiple stages of scarp

evolution (Figure 3.4). We consider this when we interpret our throw distributions.

For each pro�le, we retrieve fault throw using a two-step, semi-automated process (Fig-

ure 3.3a). In the �rst step, representative far-�eld surfaces in the hangingwall and footwall

are delimited by the user, typically at distances of� 10{100 m away from the scarp center

and, where one is present, always outside the scarp toe depression. At this stage, we make

no assumptions about surface ages. Straight lines with dip anglesb1 and b2 are �t through

each and projected to the scarp center, also de�ned manually, where the vertical separation

A is then computed. This measurement is undertaken three times on each pro�le to yield

a preferred, minimum, and maximum vertical separation. In the second step, we calculate

fault throw (vertical slip) using the geometric relationship between vertical separationA,

surface slope anglesb1 and b2, and dip of the initial scarp free face,� (Figure 3.3). We take

this dip to be 60� | at the lower end of the range observed by [95] | except in rare instances

53



(< 5% of pro�les) where a scarp free face is still preserved and exceeds> 60� , in which case

the larger value is used.

Although we inspected pro�les along the entire rupture length, the throw distribution has

gaps where a scarp is visible but where the vertical separation is below the resolution of the

topographic pro�le. This occurs where the vertical separation is less than� 0.3 m, and where

humocky topography prevents us from de�ning footwall and/or hangingwall slopes. In such

localities, we avoid adding zero-throw points to our distribution so as not to bias subsequent

numerical analyses of the slip distribution. Furthermore,we assign each measurement a

`quality rating' based on the di�erence in hangingwall and footwall surface slopesb1 and

b2. While ideally b1 = b2, we �nd that by including measurements at locations where these

angles di�er | typically those locations where the rupture m ost closely coincides with the

colluvium{bedrock contact | we are able to increase our measurement density and �ll in

some data gaps, while still being reasonably con�dent that we capture the true vertical o�set.

We thereby assign measurements a high quality rating where the two b values are within 5�

of one another, and a poor quality rating where they deviate by > 5� .

There are three important limitations to our throw estimates. First, the calculated

throw is sensitive to the choice of assumed dip; because a scarp free face is rarely preserved,

we normally choose a �xed value of 60� whereas initial mapping by [95] had indicated a

range of dips from 50{90� . Second, vertical separation measurements may be biased bythe

e�ects of lateral slip and local slope azimuth [e.g. 116]. However, scarp free face striations

measured during �eld mapping showed no signi�cant strike-slip component [95], nor did we

observe any clear lateral o�sets during our own analysis. Given that most of our pro�les run

approximately parallel with the local slope facing direction, such biasing is small. Third, the

pro�ling cannot discriminate between single-event (1959)and multiple-event o�sets if the

bevel formed in the penultimate event has been removed by erosion, as is observed at the

Section 31 trench site [107, 108], or is obscured by imperfect far �eld slopes. Across the steep

colluvium and talus slopes that characterize much of the rupture | especially along the Red
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Canyon fault ridge section| older scarps may have been removed by erosion before the 1959

earthquake, and so the pro�ling likely captures only this latest event. However, along parts

of the Hebgen and southeastern Red Canyon faults | where bevels were observed during

initial mapping of the 1959 earthquake, or can even be seen inpre-1959 aerial photographs

[96] | we are cautious of the possibility that pro�ling may de �ne the cumulative throw of

two, or more, Holocene earthquakes.

3.3.3 Subsurface fault geometry

We estimate fault dip by �tting planes to the three-dimensional surface trace of the

1959 rupture, which is where the shallow fault plane intersects the surface topography [e.g.

117, 118]. We discretized the principal surface rupture at an even point spacing of 5 m, and

then calculate the plane | de�ned by plane equation coe�cients [unitless]A, B , C, and D

| that best �ts all N points that lie within a sliding measurement window (Equations 1{3).

x i , yi , and zi are surface trace coordinates at pointi , and di is the distance from the best-�t

plane. For each window, we record the dip of the best-�t plane� [degrees] (Equation 3) and

the average point-to-plane distanced [m], henceforth referred to as the mis�t (Equation 4).

A � x + B � y + C � z + D = 0 (3.1)

di =
jA � x i + B � yi + C � zi + Dj

p
A2 + B 2 + C2

(3.2)

� =
�
2

� tan � 1 C
p

A2 + B 2
(3.3)

d =
NX

i =1

d2
i (3.4)

We test a range of window apertures from 50 m { 1000 m; smaller sizes are liable to provide

an insu�cient spread of points to de�ne a clear plane, while larger windows risk averaging

across fault segment boundaries [118]. We apply the procedure to individual segments de�ned

by continuous scarps and delimited by gaps of> 100s of meters, sharp bends, or step-overs.

De�ned in this manner, the Hebgen fault has six segments, and the ridge section of the Red
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Figure 3.3: (a) Schematic of routine used to de�ne scarp geometry and derive throw. The
gray line is the observed scarp pro�le in its current, degraded state. Open circles are user-
picked points that de�ne the far �eld slopes, and the scarp face. Solid green lines are
straight lines �t through the pro�le between each pairs of user-picked points. Dashed green
lines project the lines to their intersections, where solidgreen circles mark the points at
which the pre-1959, unfaulted surface was originally continuous. The solid red circle is the
lateral center point between the two green circles, and marks the scarp center point. Vertical
separationA is measured as the vertical distance between the projected hanging and footwall
slopes at the scarp center point.� is scarp free face dip, normally chosen as 60� , b is the
averaged far �eld slope, andy is the geometric correction | derived from the law of sines |
added to A to recover fault throw. (b-g) Example pro�les centered on coordinates listed in
upper left of each frame (all UTM 12N). Pro�le locations alongthe throw distribution are
shown in Figure 3.5Black lines show the topographic pro�les,annotated with far �eld slopes
(green) and apparent throw A (red, from (a)) Gray lines show the pro�les' �rst derivatives.

56



�50 0 50
�10

0

10

�20 �10 0 10 20
0

0.25

0.5

�50 0 50
�10

0

10

�50 0 50

�50 0 50

�10

0

10
�20 �10 0 10 20
0

1.0

2.0

�20 �10 0 10 20
0

0.3

0.6

�10

0

10

�20 �10 0 10 20
0

0.5

1.0

1 earthquake,
4 m o�set,
di�usion phase
kt = 6 m2

2 earthquakes,
4 m o�set each,
faulting phase

2 earthquakes,
4 m o�set each,
gravitational collapse

2 earthquakes,
4 m o�set each,
di�usion phase,
kt = 2 m2

E
le

va
tio

n 
(m

)

S
lo

pe
 (

un
itl

es
s)

S
lo

pe
 (

un
itl

es
s)

Distance (m) Distance (m)

0 50 100 150 0 50 100 150

0.2

1.0

0.0

0.1

0.2

0.6

230 230240 250 260
0.2

0.6

240 250 260

1.0

0.0

0.1

0.2

Pro�le: Fig. 3b
one event, 
di�usion phase

Pro�le: Fig. 3d
one event, 
di�usion phase

Pro�le: Fig. 3c
one event, 
di�usion phase

Pro�le: Fig. 3b
two events, 
gravitational phase

Pro�le: Fig. 3d
two events, 
gravitational phase

Pro�le: Fig. 3c
two events, 
faulting phase

a

b

0 100 200 300

0.2

0.0
0 100 200 300

0.2

0.0

Figure 3.4: (a) Forward modeled scarp morphology and �rst derivatives (slope pro�les) for
one earthquake during the di�usion phase, and two earthquakes in the faulting, gravitational
collapses, and di�usion phases based on [115]. Fault dip of 60� is used for all dislocations, and
a 35� angle of repose. The two-earthquake di�usion phase pro�le assumes that gravitational
collapse essentially eliminates the curvature from the prior event. (b) Scarp pro�le derivatives
applied to a three sample pro�les in Figure 3.3. For each pro�le, we show that topographic
scattering prevents us from solving for scarp morphology formed from a unique sequence of
processes, and the derivative points can be �t to multiple forward models.
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Canyon fault has four. The southeastern section of the Red Canyon fault has insu�cient

topographic relief, and the Kirkwood and West Fork faults are of insu�cient length, to

produce reliable planar solutions, and so are excluded fromthe analysis.

3.4 Results

We map a total of � 55 km of surface scarps including splays, multi-stranded rupture

segments, and antithetic structures, of which� 43 km is characterized as primary surface

rupture (Figure 3.2a). The rupture coordinates are providedas a Google Earth KMZ and

an ArcMap shape�le in Supplemental Material. Our scarp pro�ling yielded 670 vertical slip

measurements including 520 at the higher quality rating, thus building substantially upon

the � 60 presented by [95] (Figure 3.5).

3.4.1 Hebgen Fault

The � 14 km-long Hebgen fault scarp is the most linear part of the 1959 surface rupture

and generally maintains a single strand (Figure 3.6). However, our lidar mapping reveals

some rupture features that are not apparent in Witkind's [1964] coarser-resolution map. A

sharp left-step across a bedrock ridge at Hilgard Lodge Creekis accompanied by a� 600 m-

wide fracture zone, presumably related mechanically to thenearby western termination of

the West Fork rupture. High up on the adjacent Hebgen Ridge, we document several uphill-

facing scarps on Hebgen Ridge which we interpret as sackungs,but which may also been

activated in the 1959 earthquake and potentially in
uencedby the localized fault complexity.

The scarp disappears for� 300 m where the projected fault trace crosses Kirkwood Creek

fan, a gap not documented in the original �eld survey, but which may simply indicate erosive

river action or modi�cation by recent residential development rather than a true segment

boundary. � 1 km southeast of Kirkwood Creek, the scarp takes a� 400 m left-step with

some associated fracturing, and there is a shorter� 200 m gap in the surface trace south of

Section 31 Creek. We interpret the former as a genuine segment boundary that is missing

from Witkind's map, and the latter as a possible segment boundary, or alternatively, a spot

58



Figure 3.5: Vertical slip distribution along the 1959 earthquake scarps from our own topo-
graphic pro�ling (circles and colored polygons) and from the original �eld measurements of
[95] (gray polygons), for (a) the Hebgen fault, (b, c) the Red Canyon fault, (d) the West
Fork fault and (e) the Kirkwood fault. (f) Projection lines and pro�le measurement data
points in map view.
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where the scarp closely hugs the road and cuts through bedrock, and so cannot be easily

identi�ed in the lidar.

We calculate mean vertical slip of� 3.4 m along the Hebgen fault scarp (Figure 3.5a).

Throw is generally higher along the northwestern half of therupture and lower southeast

of Kirkwood Creek, where slip may partially transfer onto the overlapping Red Canyon

fault. However, our slip estimates only closely match Witkind's [1964] corresponding �eld

measurements intermittently; along much of the scarp, we obtain signi�cantly larger throw

values. This discrepancy is especially stark at Hebgen Dam Creek and NW of Kirkwood

Creek, where our typical� 5{10 m throw values (and peak values of� 12 m) far exceed

Witkind's � 1{3 m. Along much of the southeastern half of the rupture, the discrepancy is

smaller but quite consistent, and only our smallest measurements match Witkind's.

The observed discrepancy appears much too large to be explained by di�erences in mea-

surement approach (as we discuss in Section 3.5.1), insteadimplying that the Hebgen fault

scarp expresses not only the 1959 rupture but in places also the penultimate event (� 1{3 ka

according to trenching) and perhaps even the pre-penultimate event (� 10{14.5 ka). This in

itself is unsurprising, and merely indicates that early{mid Holocene or latest Pleistocene sur-

faces | landforms that pre-date those paleo-earthquakes | are sometimes preserved along

the fault. The lack of clear multi event scarp morphology ( Figure 3.4) is less expected,

and implies that the long-wavelength scarp representing the paleo-earthquakes is somehow

masked by superposition | and subsequent degradation | of the 1959 rupture, perhaps

simply by noise within the topographic pro�les. This was also the conclusion of [107] and

[108], locally, at the Section 31 trench site (Figure 3.6d). Furthermore, in certain areas, such

as NW of Kirkwood Creek and at Section 31 Creek,peaksin our pro�le throw distribution

loosely correlate withtroughs in the 1959 �eld measurements; this suggests that the Hebgen

fault may fail in non-characteristic earthquakes, with contrasting slip patterns in the 1959

event and its Holocene precursors.
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Estimated dips along the Hebgen fault are highly variable forsmall measurement window

lengths, but stabilize somewhat at apertures greater than 300{650 m, as demonstrated for

the Cabin Creek segment in Figure 3.7a{b. Measurement windows with these apertures

typically contain relief exceeding� 50 m and therefore sample fault depth scales of tens of

meters. Even considering only the larger and more stable apertures, there is a large (� 20� {

30� ), short-wavelength variation in computed dips (Figure 3.7c{d). Part of this variability

may be real; for instance,shallow rupture may be guided by non-planar Laramide structures

such as folded bedding planes and ramp-and-
at thrust faults, which might locally exhibit a

wide range of dips. However, we suspect that a large part of thescatter re
ects a poor planar

�t to the scarp | such as would be the case if the faulting were highly-segmented over short

wavelengths | or simply insu�cient variation in topography for a robust dip estimate to be

determined.

Nevertheless, theaveragecomputed dips for the six independent measurement segments

are rather consistent, all lying within the range 27� {39� . Furthermore, dips exceeding 45� |

which would match estimates from seismology and geodesy, assummarized in Sections 3.2.3{

3.2.4 | are only rarely observed, and are mostly associated with high mis�ts in average

point-to-plane distance, indicating a poor planar �t (Figure 3.7d). Our results therefore

imply a signi�cantly shallower-angle fault dip of � 27{39� than previous seismological and

geodetic estimates of� 45{60� [101, 110, 111]. However, the latter models sample a far

greater fault depth range (several kilometers) than our method (tens of meters), and so the

apparent discrepancy may simply represent an anti-listricgeometry in which the Hebgen

fault dips gently close to the surface and more steeply below.

3.4.2 Red Canyon fault, ridge section

The ridge section of the Red Canyon fault follows Kirkwood ridge along an arcuate

trajectory for � 15 km. As with the Hebgen fault, our lidar-based mapping (Figure3.8)

reveals details of rupture segmentation that were not apparent in Witkind's [1964] summary

map. We observe a few gaps and stepovers in the scarp trace at the far northwestern end of
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Figure 3.6: Surface trace of the Hebgen fault rupture. (a) and (b) show the northwestern half
of the rupture, without and with annotations, and (c) and (d)similarly show the southeastern
half. The yellow cross in (b) and (d) is located at a point common to the two subplot areas.
Locations of paleoseismic trench and fault plane exposure dating sites [104, 105, 107] are
approximate only.
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Figure 3.7: Fault dip estimates along the Hebgen rupture trace. (a) Canyon Creek segment
of the Hebgen fault. To estimate its dip, we discretized the rupture at 5 m intervals (here,
every twentieth point is shown so that the scarp itself is visible) and �t planes to points
lying within a sliding measurement window. (b) Computed dipvalues for the Cabin Creek
segment as a function of the measurement window length (`aperture'). For small apertures
the dip is poorly constrained, especially when the relief within the window is < 15 m (gray
circles). For apertures> 600 m the computed dip stabilizes at values of� 25� {50� . (c) For dip
analysis, we split the Hebgen fault into six segments (gray lines bookended by red circles).
Blue shading indicates bedrock according to the Montana Bureau of Mining and Geology.
(d) Computed dip and preferred aperture values for each of the six Hebgen fault segments
analyzed. The mean segment dip and 1� uncertainties are indicated by solid and dashed
blue lines, as in (b), and the continuous dip is shaded according to the average point-to-plane
distance, with darker colors indicating sections of the rupture that are well-approximated by
a plane.
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the scarp, and again either side of the East Fork of Red CanyonCreek, that are missing from

Witkind's map, though some of these features may re
ect removal of the scarp by landsliding.

Along Kirkwood Ridge, we also observe a few short, parallel fractures and localized scarp

bifurcations separated by only 10s of meters. We �nd no evidence to support the suggestion

by [102] that the Red Canyon scarp represents a landslide headwall. Where the lidar coverage

permits it, we �nd no compressive thrust scarps or folds thatcould indicate the toe of such

a landslide. We are also able to trace the scarp continuouslyacross the 
oor of Coal Canyon

(Figure 3.8c{d), which seems inconsistent with a landsliding origin.

Slip measurements along the ridge section of the Red Canyon fault are challenging for two

reasons. First, the steep slopes of Kirkwood Ridge propagatesmall uncertainties in far-�eld

slope angle (b1 and b2 in Figure 3.3) into large uncertainties in throw. Second, theslope dip

of the footwall (b2) often exceeds that of the hangingwall (b1) by several degrees, so our throw

distribution includes many poor quality measurements. These limitations may contribute

to the much higher level of scatter we observe in our slip pro�le compared to Witkind's |

although Witkind may have focused his measurements on `representative' sections of the

scarp or removed outlier values from his published data (Figure 3.5b). Nevertheless, our slip

distribution generally brackets Witkind's values, and where our measurement points coincide

with his, throw magnitudes are close.

A few localized measurements exceed peak 1959 slip by several meters, particularly along

the northwestern half of the fault (Figure 3.5b). Consequently, our mean throw of � 4.6 m

is closer to Witkind's maximum value of 15 ft than his average of � 11 ft. Thus, a few of

our largest measurements possibly capture slip in more thanjust the 1959 rupture, but the

majority of the Red Canyon fault ridge section appears to be asingle-event (as opposed to

composite) scarp. One explanation for this discrepancy from the Hebgen fault is that older

(mid{early Holocene) surfaces are less likely to be preserved on the steep talus slopes of

Kirkwood Ridge than along the more gently-inclined alluvials sediments along the Hebgen

Ridge range front. Alternatively, the Red Canyon fault ridgesection may not have hosted
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Figure 3.8: Surface rupture trace along the ridge section of the Red Canyon fault. (a) and
(b) show the northwestern half of the rupture, without and with annotations, and (c) and
(d) similarly show the southeastern half. The orange cross in (b) and (d) is located at a
point common to the two subplot areas.
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the same earlier Holocene earthquakes as the other faults that ruptured together in 1959;

because the ridge section has not been trenched, we do not have paleoseismic data against

which to compare.

Along much of the Red Canyon fault, planar �ts to the scarp havedip values that 
uctuate

over short wavelengths (Figure 3.9). The 1959 surface rupture was known to exploit weak

bedding planes in this area, whose strike mimics the curve ofKirkwood Ridge. This may

account for some of the dip variability, or otherwise help explain why the modern faulting

might be non-planar. Still, average values for the four segments are fairly consistent at 35� {

46� , reaching steepnesses at the lower end of the likely dip at source depths | � 45{60� from

seismological and geodetic models [101, 110, 111] | and may be related to gently-inclined

Laramide fabric controlling the geometry of the shallow part of the Red Canyon fault.

Figure 3.9: Fault dip estimates along the ridge section of theRed Canyon fault rupture
trace. We split the fault into four segments (gray lines bookended by red circles). Blue
shading indicates bedrock. (b) Computed dip and preferred aperture values for each of
the four segments. The mean segment dip and 1� uncertainties are indicated by solid and
dashed blue lines, respectively, and the continuous dip is shaded according to the average
point-to-plane distance, with darker colors indicating sections of the rupture that are well-
approximated by a plane.
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3.4.3 Red Canyon fault, southeast section

The southeast section of the Red Canyon fault has the most complex rupture trace of

the three major fault strands of the 1959 earthquake (Figure 3.10), cumulatively comprising

� 10 km of primary scarp. This complexity is apparent in the original �eld reports and

Witkind's [1964] map, but the lidar data provide additional detail. Northwest of Little Tepee

Creek, the rupture is comprised of a di�use fracture zone up to � 400 m wide. Here, the

surface deformation pattern is in
uenced by closely spaced bedding planes of the underlying

Paleozoic sediments, and the rupture mimics changes in bedrock strike as it takes a� 90�

bend into Red Canyon [100]. Southeast of Little Tepee Creek,the rupture is mostly single-

stranded, but remains highly segmented, with continuous sections no more than� 1 km in

length separated by gaps and stepovers up to� 200 m.

The southeast section of the Red Canyon fault has a mean throwof � 2.8 m, the lowest

of the three major 1959 rupture strands (Figure 3.5c). [95] did not report slip for the

distributed deformation zone northwest of Little Tepee Creek; however, we are able to extract

throw values along a dominant, SW-facing scarp. As there are no1959 �eld records to

compare against, we cannot easily assess whether this section of scarp captures only the

1959 earthquake, or also preceding events in some spots, which could perhaps explain the

high along-strike scatter; alternatively, slip on other strands within the di�use deformation

could account for apparent slip de�cits. Southeast of Grayling Creek, throw is smoother

along strike, but generally exceeds Witkind's 1959 scarp heights, often by two-fold or more,

implying that the former measurements incorporate more than one event.� 1 km southeast

of Grayling Creek, a peak in pro�le throw matches (and approximately doubles) a peak in

the 1959 scarp height. At the southeastern end of the rupture, both datasets have a smooth,

near-linear decrease in slip (� 8{10 km on Figure 3.5c). These common characteristics suggest

that earlier Holocene earthquakes along the southeastern Red Canyon fault | revealed in

trenching at Grayling Creek [106] | may have had a similar slip distribution to the 1959

earthquake, and also ruptured a similar fault length, both terminating a few kilometers
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Figure 3.10: Surface rupture trace along the southeastern section of the Red Canyon fault.
(a) and (b) show the northwestern half of the rupture, without and with annotations, and
(c) and (d) similarly show the southeastern half. The blue cross in (b) and (d) is located at
a point common to the two subplot areas. Location of the [106]paleoseismic trench site is
approximate.

68



southeast of Duck Creek.

3.4.4 West Fork and Kirkwood faults

We map � 3 km of discontinuous scarps along the West Fork fault and� 1 km along

the Kirkwood fault, across complex topography between the Kirkwood and Hebgen ridges

(Figure 3.8a{b). Mean vertical displacements of� 2.9 m and� 3.7 m, respectively, greatly

exceed the average of 2 ft (� 0.7 m) measured by [95] and so some of the pro�le measurements

likely capture an event or events preceding the 1959 earthquake (Figure 3.5d{e). These faults

strike highly obliquely to the overall NW-SE rupture pattern | trending near-parallel to the

slip vector | and so could possibly exhibit a strike-slip component that biases our pro�le

throw estimates.

3.5 Discussion

3.5.1 A morphologically-simple, composite scarp

Our pro�le-derived scarp throw measurements often greatlyexceed the �eld survey esti-

mates by [95], especially along the Hebgen and southeastern Red Canyon faults, where only

our slip minima come in close agreement (Figure 3.5). The 1959slip appears much smoother

along strike than is typical of well-documented modern earthquakes [e.g. 8], but beyond

rounding his measurements to the nearest 1 ft, he does not state whether any smoothing

or averaging was applied. The discrepancy may partly be explained by the di�erence in

measurement approach: whereas topographic pro�ling captures the cumulative o�set ac-

commodated over the tens of meters on either side of the faultscarp, the �eld data were

collected at the principal scarp and so are liable to have missed some o�-fault deformation.

A similar explanation was given to explain di�erences in coseismic slip in the 1992 Landers

earthquake estimated using aerial imagery (over aperturesof hundreds of meters) and mea-

sured in the �eld at the main rupture strand [26]. However, this factor can hardly explain

scarp throw measurements that in places exceed 1959 vertical slip several times over; in such

places, the pro�ling must record not only slip in the 1959 earthquake, but also one or more
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preceding events.

Interestingly, the Hebgen fault scarps generally retain pro�le morphology that cannot be

uniquely modeled as one or two earthquakes (Figure 3.4); thisis in part due to rough far �eld

surfaces with topographic scatter that muddles the scarp curvature, but may also indicate

that gravitational collapse and early di�usion obliterated evidence of former faulting events.

At the Section 31 trench site on the Hebgen fault, photographsfrom shortly after the 1959

earthquake preserve evidence of an old Holocene scarp from the penultimate event, but this

morphology has largely disappeared due to retreat of the 1959 free face [107, 108]. Our lidar

analysis shows that the removal or masking of degraded paleo-earthquake scarps and bevels

| by degradation of the 1959 free face | may be widespread, beyond Section 31. As [107]

and [108] point out, this observation has important wider implications, cautioning against

the practice of assuming that morphologically-simple scarps represent a single earthquake

rupture.

This observation calls into question paleo-earthquake magnitude estimates that rely upon

assumed fault dimensions and slip. To illustrate, we estimate the magnitude of the 1959

earthquake from the throw distribution, assuming a single causative event. We use the

equations for seismic moment,M 0, and moment magnitude,Mw :

M 0 = �A �u (3.5)

Mw =
2
3

[log10 M 0 � 9:1] (3.6)

where� is the shear modulus [N/m2], A is fault area (lengthL � down-dip width W) [m],

and �u is mean slip [m]. We take� as 3.2� 1010 N/m 2 and L as 39 km (the sum of the three

major fault sections); we deriveW of 21 km from a fault bottom depth of 15 km (roughly

consistent with seismological and geodetic estimates) anda simpli�ed dip of 45� (the lower

end of estimates from seismology and geodesy and the higher end of those calculated from

the 3-D rupture trace); and we estimate �u as 5.1 m by averaging the mean throw along the

three principal fault strands (3.6 m) and converting to fault slip using the same dip of 45� .
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These values yield aM 0 of 1.3 � 1020 Nm (Mw 7.35), more than one and a half times the

contemporary estimate of� 0.8 � 1020 Nm (Mw 7.2) for the 1959 earthquake as listed by

the USGS. This overestimate of the moment is further evidencethat the Hebgen fault scarps

variably capture more than only the 1959 earthquake; however, we note that although ISC-

GEM lists Mw 7.3, and that our magnitude estimate has inherent uncertainties. Increasing

the assumed fault dip lowers the down-dip width and slip and thus magnitude, but on the

other hand, we do not account for slip on structures outside the lidar area, which would

increase the computed magnitude. Additionally, we do not assign zero throw except where

there are gaps in the surface trace, thus overestimating slip along lengths with slip below

the detection threshold of 20-30 cm.

What, then, can we learn of the (likely two) earlier Holocene earthquakes on the Hebgen

and Red Canyon faults? Unfortunately, we are unable to obtaindetailed slip distributions

for these paleo-earthquakes in the manner that is often possible along major strike-slip faults

[e.g. 1, 36, 48, 119, 120]. Laterally o�set piercing points typically have higher preservation

potential than scarps formed by vertical slip and prone to rapid degradation. In places

where the scarp is most obviously composite, a comparison between Witkind's 1959 throw

measurements and our pro�le-derived heights (Figure 3.5) reveals a negative correlation in

some areas (such as NW of Kirkwood Creek on the Hebgen fault) buta positive correlation

in others (such as at the SE end of the Red Canyon rupture), andso we cannot de�nitively

say whether these faults rupture in characteristic or non-characteristic events.

Finally, we suggest that the Red Canyon fault ridge section may not have ruptured in the

same pair of Holocene earthquakes identi�ed in the Hebgen and southeast Red Canyon fault

trenches [105{108]. Composite scarps are less frequent, orperhaps altogether absent, from

the Red Canyon fault ridge section, although this may be due to lower landform preservation

potential on the steep talus slopes of Kirkwood Ridge than along the gentler range front

sections of faulting. Trenching of the Red Canyon fault ridge section could help to settle

this matter.
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3.5.2 Slip roughness

An increase in the availability of high-density slip distributions|enabled by advances in

geodetic imaging|has provoked questions on slip variability over short spatial wavelengths,

slip roughness quanti�cation, and structural or mechanical control over slip variability [e.g.

121, 122]. Despite the obvious caveat that our dense throw distributions in places represent

slip in more than one earthquake, we �nd it instructive to extend these concepts to the

Hebgen Lake earthquake. Following [121], we compute the power spectral density of each

of the three major fault sections, using an even 30 m samplingof the interpolated vertical

slip pro�le shown in Figure 3.5a{c. This reveals how slip variability scales with wavelength

(along-strike distance) for lengths ranging from the scaleof each fault segment (� 10 km) to

twice the data point spacing (60 m). Plotted in log{log space, spectral amplitudes diminish

approximately linearly with reducing spatial wavelength,characteristic of self-a�ne fractal

behavior (Figure 3.11). Fitting a straight line to the power spectrum beyond a visually-

identi�ed corner frequency, we compute the fractal dimension of each slip pro�le,D, using

the equation

D = (5 � � )=2 (3.7)

where � is the slope of the power spectrum. A more gently-sloping linear �t � , and thus a

higher value ofD, represents a rougher slip distribution that is more strongly in
uenced by

short-wavelength features.

For the Hebgen fault and the southeast section of the Red Canyon fault we obtain similar

D values of 1.82 and 1.83, respectively (Figure 3.11). These values are slightly higher than

those of 1.72 and 1.62 determined along the 1992 Landers and 1999 Hector Mine surface rup-

tures (California) using displacement �elds generated from optical image correlation [121].

Conversely, for the ridge section of the Red Canyon fault we determineD as just 1.58, indi-

cating a much smoother surface slip distribution dominatedby longer-wavelength features.

When only high-quality throw measurements are used,D values become smoother all round
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| changing to 1.77, 1.78, and 1.43, respectively | but the pat tern of rougher slip on the

Hebgen and southeast Red Canyon fault scarps and smoother slip along the Red Canyon

fault ridge section remains intact.

This di�erence probably partly re
ects the likelihood that the Hebgen and southeast Red

Canyon fault scarps variably express one, two, or perhaps three earthquakes, whereas the

Red Canyon fault ridge section mostly re
ects throw from onesingle event (Section 3.5.1).

However, di�erences in the rupture mechanics along the di�erent faults may also play a role

in the spectral characteristics of the throw distributions. In their study of the Landers and

Hector Mine ruptures, [121] note a positive correlation between surface trace complexity

and slip roughness, suggesting that as more geometrically complex faults are more unevenly

stressed than simpler faults, they should naturally give rise to rougher slip distributions.

However, this does not appear to explain the variations in slip roughness that we observe

along the Hebgen Lake rupture | super�cially, the ridge section of the Red Canyon fault

looks no simpler geometrically than the other two fault sections (Figure 3.2a).

We tentatively suggest that the di�erence may instead be controlled by shallow geological

structure or surface cover. Slip along the Red Canyon fault ridge section is known to exploit

weak sedimentary bedding planes in the near surface | perhaps enhancing the uniformity of

its scarp heights | whereas it is not clear whether the other two fault sections do so [95, 96].

Thicker unconsolidated alluvium along the range-boundingHebgen and southeastern Red

Canyon faults may add scatter to scarp heights, compared to the Red Canyon fault ridge

section which is expressed at the surface in bedrock or thin talus.

3.5.3 Fault geometry

Our analysis of the 3-D surface trace of the Hebgen rupture supports rather shallow

average dips of� 27� {39� for the Hebgen fault (Figure 3.7) and� 35� {46� for the ridge section

of the Red Canyon fault (Figure 3.9). These dip values are determined over length scales

of hundreds of meters, and constrain the shallow part of the fault close to its intersection

with topography, sampling depth scales of tens of meters. Average dip values for both faults
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are signi�cantly shallower-angle than the 50� {90� fault free faces observed along the fresh

surface rupture, con�rming initial interpretations that t he faulting refracts towards steeper

angles at the free surface [94{96].

Our dip values lie at the lower end (and shallower) of the dip estimate range yielded

by seismological and geodetic modeling, which represent planes at source depths of several

kilometers [101, 110, 111]. The faulting may therefore exhibit an anti-listric geometry, with

steeper dips of� 45� {60� at depth and gentler dips of� 30� {45� in the near-surface, where

gently-inclined Laramide fabric within the Cabin Creek zone might exert more of an in
u-

ence. The shallow part of the Red Canyon fault is likely steeper than the equivalent part of

the Hebgen fault, arguing (very tentatively) against modelswhich have the faults merging

into one another at depth [110, 111].

We �nd that our methodology requires measurement windows with apertures> 300 m and

containing internal topographic relief> 50 m to produce robust and stable fault dip estimates.

These criteria exceed the equivalent values of� 120 m and� 15 m that [118] de�ned for a

similar methodology to constrain fault dip along two recentoblique slip ruptures | the 2010

El Mayor-Cucapah (Mexico) and 2013 Balochistan (Pakistan)earthquakes. Furthermore,

even at the larger apertures, there are still 1� uncertainties of 6� {18� in dip along segments

of the Hebgen and southeast Red Canyon faults (Figure 3.7d and Figure 3.9b), compared to

6� for the El Mayor-Cucapah earthquake and 9� {13� for the Baluchistan earthquake, both

determined over much shorter measurement windows. The di�erence cannot be explained

by the suitability of the terrain for plane �tting, as all thr ee earthquake ruptures in the

main part follow range front topography. Instead, we conclude that the major (� 1{5 km

length scale) segments of the Hebgen and Red Canyon faults cannot readily be represented

by single planes (to the extent that the El Mayor-Cucapah andBaluchistan earthquakes

could be) because they are highly segmented over shorter length scales.

We suggest a few possible explanations for this di�erence. Fault planes tend towards

smoothness in the slip direction, and so the Hebgen Lake earthquake's dip-slip mechanism |
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with a rake inclined into the subsurface and perpendicular to the surface rupture| gives rise

to more along-strike rupture complexity than the predominantly strike-slip mechanisms of

the two earthquakes assessed by [118], whose slip vectors roughly parallel the fault trace [123].

This is consistent with [122], who compared power spectral analyses for� a dozen surface

rupture traces from historic earthquakes, including the Hebgen Lake earthquake, �nding that

dip-slip earthquakes have higher roughness than strike-slip earthquakes. Alternatively, the

Hebgen and Red Canyon faults may be structurally-immature compared to the El Mayor-

Cucapah and Baluchistan earthquake sources; faults becomemore continuous with increasing

slip, as initially-distinct segments link together. Finally, the unstable geometries resolved

along the Hebgen and Red Canyon faults could indicate that modern normal faulting is

\steered" onto inherited Laramide structures, such as thrust ramps and 
ats, or folded

sedimentary rocks whose inclination varies across short spatial scales.

3.6 Conclusions

New lidar topography data along the 1959Mw 7.2 Hebgen earthquake surface rupture

indicate that although the now-degraded fault scarp mostlyexhibits a simple topographic

pro�le, its throw often exceeds that measured at the 1959 fresh scarp free face by two-fold

or more. Pro�le-derived throw measurements must | in places | capture one or more

Holocene paleo-earthquakes in addition to 1959 slip, explaining why our geomorphic seismic

moment estimate is more than one and a half times that observed in the 1959 earthquake.

The slip distribution along the bedrock ridge section of theRed Canyon fault is quanti�ably

smoother than that along the rangefront Hebgen and southeastRed Canyon faults. The 3-D

geometry of the surface rupture trace supports relatively shallow dip angles of� 30� {45� over

depth scales of tens of meters, but also implies a strongly non-planar geometry over length

scales of a few kilometers, likely due to �ner-scale fault segmentation or the inheritance of

variably-inclined Laramide structures.
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CHAPTER 4

TESTING LOW-ANGLE NORMAL FAULT ACTIVATION DURING THE

BAJA-CALIFORNIA 2010 Mw 7.2 EL MAYOR-CUCAPAH EARTHQUAKE WITH

DIFFERENTIAL LIDAR

A paper in prep. for publication.

Kendra L Johnson 1 and Edwin Nissen 1;2

Abstract

Part of the northern surface rupture of the 2010Mw 7.2 El Mayor-Cucapah (EMC)

earthquake coincides with the exposed trace of a known low-angle (� 20� -dipping) detachment

fault, the Paso Superior fault (PSF), that prior to the earthquake had been considered

inactive. Field observations indicated that the PSF may havebeen reactivated in the 2010

earthquake, yet elastic dislocation models from satellitegeodesy imply steeper (� 50� ) dips

along this section of rupture. Here, we use di�erential lidarto test whether or not the

PSF slipped seismically during the 2010 earthquake, and if it did, over what depth extents.

We exploit a surface displacement vector �eld derived from iterative closest point (ICP)

matching of pre- and post-earthquake lidar to describe three-dimensional (3D) deformation

in the northern part of the EMC rupture zone and within� 1{2 km of the surface faulting, and

thereafter, resolve the dip of the coseismic faulting usingthree independent methods. Firstly,

we project fault-perpendicular horizontal and vertical displacements onto the surface rupture

to recover fault heave and throw, the ratio of which is highlysensitive to dip. Secondly, we

visually divide the lidar into zones with consistent displacement vectors, which are inverted

using simple elastic dislocation models to yield a second estimate of dip. Lastly, we �t planes

to the trace of the surface rupture across topography along four distinct structural segments

1Department of Geophysics, Colorado School of Mines.
2School of Earth and Ocean Sciences, University of Victoria
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to estimate the dip in the shallow subsurface. All methods reveal moderate to steep faulting

in most areas, but shallow-angle faulting along an� 2 km section of the PSF. Thus, we

interpret that this low-angle normal fault was reactivatedduring the 2010 earthquake, but

only for � 2 km out of the total � 120 km rupture length. This has implications for the

long-standing debate about the role, and mechanical feasibility, of low-angle normal faulting

in regions of continental extension.

4.1 Introduction

The April 4 2010 Mw 7.2 El Mayor-Cucapah (EMC) earthquake occurred within the

Sierra Cucapah mountains and the lower Colorado River delta, just south of the US-Mexico

border (Figure 4.1a). Active faulting here and within the adjacent Mexicali Valley and Sierra

El Mayor mountains accommodates a signi�cant fraction of the � 5 cm/year NW-SE right

lateral shear within the North American-Paci�c plate boundary zone. Satellite observations,

including ALOS and ENVISAT synthetic aperture radar interferograms (InSAR) and SPOT-

5 photographs, revealed a� 120 km-long surface rupture [124, 125] that was subsequently

recorded in intricate detail by �eld mapping [2, 65, 126]. The earthquake ruptured an array

of connected anden echelondextral and oblique-slip (dextral-normal) faults (Figure 4.2),

including some that were known to be active (such as Laguna Salada, Pescadores, and

Borrego faults), others that had been mapped but were considered inactive (Indiviso, Paso

Superior and Paso Inferior faults), and still more that had not previously been recognized

at all (such as faulting within the Puerta and Paso Inferior accommodation zones). The

EMC earthquake was also surprising in that it likely initiated on a fault segment that was

unfavorably oriented for failure [127], and because it occurred within the stress shadows of

a M � 7.2 earthquake in 1872 on the Laguna Salada fault, andMw � 7.1, � 6.1 and � 5.4

earthquakes in 1934, 1980 and 2006 on the Cerro Preito fault,both only a few kilometers

away [128{130].
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Figure 4.1: (a) Tectonic setting of the 4 April 2010 El Mayor-Cucapah earthquake. The red
star is the epicenter from the Southern California Seismic Network (SCSN), red lines show
the principal surface ruptures from [2], and black lines show other active faults. (b) Focal
mechanisms from seismology with dip values indicating the dips of the E or NE-dipping
nodal planes, marked in red. (c) and (d) Finite fault models derived from InSAR and pixel
correlation measurements, from [124] and [125].
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In addition to InSAR and optical data, the EMC earthquake signal was well-recorded

across northern azimuths by dense seismic and GPS networks in southern California. Each

of these datasets has been used independently to constrain the earthquake source geometry

(Figure 4.1b{d). RegionalP-wave �rst motions | which constrain initial slip at the epicen -

ter, at the southern end of the Sierra Cucapah | suggest oblique (normal component) slip

on moderately inclined east- or southwest-dipping faults [131]. Centroid mechanisms from

long-period seismograms and high-rate GPS support sub-vertical NW-SE-oriented faulting

with nearly pure strike-slip movement [132, 133]. Aftershocks form a narrow swath about

the NW-SE-oriented surface rupture, with depths of up to� 15 km and focal mechanisms

mostly consistent with the long-period seismology results[132]. Satellite geodetic data pro-

vide further details. Initial InSAR-based elastic dislocation modeling divided the fault into

multiple segments with a range of dips, from 59� towards the southwest within the Colorado

River delta to 71� towards the northeast within the northern Sierra Cucapah [124]. Re�ned,

but similar models, also incorporating horizontal displacements from satellite pixel tracking,

hav a similar geometry but with gentler dips shallowing to 50� toward the northern end of

the rupture [125, 134].

Within the northernmost Sierra Cucapah, surface ruptures approximately follow the trace

of the Paso Superior fault (PSF), a known low-angle normal fault (LANF) that had previ-

ously been considered inactive [2, 126] (Figure 4.2). This detachment fault is clearly exposed

within a road cut along Mexico Highway 2D (hereby referred to as the `road cut'), where it

is observed dipping� 20� towards the northeast. [2] and [126] interpret that the EMC earth-

quake reactivated the PSF, with low-angle slip extending throughout the seismogenic zone

to depths of several kilometers. Yet the satellite geodeticmodels indicate coseismic faulting

dipping at 50� {60� within the same area (Figure 4.1c{d), suggesting that the alignment of

ruptures along the surface trace of the PSF may be coincidental, or at most that only the

shallowest parts of the PSF were reactivated, over a depth range lower than the resolution

of the modeling [124, 125].
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Although LANFs | de�ned as extensional faults dipping at < 30� | are widespread

geological structures that play important roles in both continental and oceanic extension,

according to Andersonian mechanics they are unfavorably oriented for slip and so their ability

to host large earthquakes is controversial [e.g. 24, 135]. Observations of coseismic rupture

along LANFs are extremely rare with the best examples con�ned tooceanic settings [e.g.

136]. Given their prevalence in continental settings, the likelihood that the instrumental

catalog is merely too brief to have recorded a LANF earthquake is small [23]. Whether or

not the PSF did rupture during the EMC earthquake therefore has important implications

for the mechanics of normal faulting and for the kinematics of continental extension. There

are also consequences for regional seismic hazard, becauseslip on a LANF located under the

Mexicali Valley would have a large unclamping e�ect on faults to the northeast, including

potentially the Imperial and southernmost San Andreas faults, whereas Coulomb stresses

from a sub-vertical fault would be con�ned to much a narrowerzone about the EMC rupture.
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Here, we use a three-dimensional (3D) surface displacement �eld derived from pre- and

post-earthquake lidar data [19] to scrutinize the geometryof coseismic faulting within the

northern EMC rupture zone, in particular testing for the involvement of the PSF. We esti-

mate the coseismic fault dip with three independent methods. (1) First, we determine fault

throw (vertical o�set) and heave (fault-perpendicular horizontal o�set) by pro�ling the dis-

placement �elds, and compute the plane angle that would support the observed ratio. Large

throw/heave ratios mean vertical slip dominating over fault-perpendicular slip and would

imply steep faulting; small ratios mean the opposite and would imply shallow-angle faulting.

(2) Second, we invert the 3D surface displacement �eld for a simple dislocation embedded

in an elastic half-space, using the equations of [137]. We dothis for the entire northernmost

rupture section as a whole, and for three fault segments withvisually consistent slip vec-

tors. (3) Last, we use only the post-earthquake lidar topography together with the scarp as

mapped by [2] to de�ne the 3D point cloud that captures the fault-topography intersection,

and then compute the dip of the best-�t plane. This third e�ort builds upon work by [118]

who estimated EMC fault dips in a similar manner using satellite-derived topography, but

whose data did not extend this far north. Finally, we considerour derived dips with those

from the geology, geodesy, and seismology, and reevaluate the source geometry within the

context of PSF reactivation.

4.2 Data Preparation

The surface displacements used for most of this study were derived using an iterative

closest point (ICP) point cloud registration algorithm [18] applied to overlapping pre- and

post-earthquake lidar topography data [19] (Figure 4.3). The pre-event data were collected

during a 2006 regional survey by the Instituto Nacional de Estadistica y Geogra�a (INEGI),

with point density 0.013 points/m2. The post-event data were surveyed four months after the

earthquake in August 2010 by the National Center for Airborne Laser Mapping (NCALM),

with point density � 10 points/m2. Both datasets are now freely available through the

OpenTopography portal. In both single and paired dataset applications, data coverage is
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limited by the extents of the post-event survey. In our focusarea in the vicinity of the

PSF, this comprises a� 3 � 0.3 km swath that straddles the primary rupture but is slightly

o�set toward the northeast, capturing more of the hanging wall ( � 2 km) than the footwall

(� 1 km) (Figure 4.2).

This pair of datasets was �rst used by [7] to map coseismic elevation changes. They

subtracted the 2006 digital terrain model (DEM) from its 2010 equivalent to generate a

`DEM of Di�erence' (DoD). This revealed details of the surface scarps, as well as some blind

faulting and kilometer-scale bending strains that had not been recognized in the �eld. In

resolving the 3D displacement vectors the ICP routine improves upon the DoD method,

which only recovers apparent vertical displacements, as well as upon cross-correlation of

optical imagery [e.g. 125], which normally recovers only horizontal displacements. ICP also

complements InSAR in its ability to resolve near-�eld deformation close to surface faulting;

line-of-sight displacements measured with InSAR cover distances of 10s of kilometers but

often decorrelate within a few kilometers of large rupturesdue to steep phase gradients and

the secondary e�ects of ground shaking and land-sliding.

ICP seeks iteratively the best match between two point clouds using rigid body rotations

and translations. Both datasets are divided into cells to resolve a displacement �eld rather

than a single vector. Each pre-earthquake lidar cell is moved onto the equivalent post-

earthquake cell to simulate its motion during the earthquake, and the Euclidean displacement

vector is recorded. [19] reprocessed both lidar datasets and optimized the ICP computations,

choosing 100 m cell dimensions with an additional 20 m bu�er around edges of the post-

event cells. These cell dimensions are large enough (capturing su�cient topography) for ICP

to produce a robust match, except in Laguna Salada and the Colorado River delta where

the landscape is too 
at; fortunately, these lie outside ourarea of interest. We use Glennie

et al.'s [2014] ICP results (Figure 4.3), which comprise translations along and rotations

about the x-, y-, and z-axes, de�ned in Cartesian coordinates with positivex indicating

north, positive y indicating east, and positivez indicating up. Even having reprocessed
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the raw lidar measurements, the horizontal displacement �elds still contain important N-

S-oriented striping artefacts caused by edge e�ects in overlapping 
ight swaths of the 2006

survey. We take care to minimize the impact of these artefacts in all of our subsequent

analyses.

4.3 Fault dip from heave and throw

4.3.1 Methodology

In this approach, we estimate coseismic fault dip using the vertical and fault-perpendicular

horizontal displacement �elds. The latter is computed for each cell by projecting itsx and y

displacements onto the azimuth 45� , which is perpendicular to the large-scale� 315� strike

of the rupture zone. Positive values of fault-perpendicular displacement thus de�ne a north-

eastward component of motion, and negative values de�ne a southwestward component.

We then take SW-NE-oriented (i.e. fault-perpendicular), 200m-wide swath pro�les

through the vertical and fault-perpendicular horizontal displacement �elds and measure their

o�sets across the EMC rupture trace. In theory, the local coseismic throw and heave would

be determined as the separation between the linear hanging wall and footwall trends in ver-

tical and fault-perpendicular displacements, projected to and measured at the fault, and

dip computed as the arctangent of the throw/heave ratio. In reality, each pro�le shows

meter-level scatter and so rather than calculating single throw and heave values, we visu-

ally de�ne upper and lower bounds (`envelopes') in the displacement pro�les on either side

of the fault and project each to the fault to yield a range of values. The standard error

is then estimated using a simple Monte Carlo simulation of the four variables: projected

vertical/fault-perpendicular displacements measured atthe fault on the footwall/hanging-

wall sides. An additional complication is that the surface rupture is sometimes manifest as

a zone of steep displacement gradient, rather than as a discrete step in displacement val-

ues. We therefore estimate the throw and heave (and their standard errors) in two ways,

one using a simpli�ed rupture trace and another that incorporates a damage zone around

multi-stranded parts of the rupture.
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4.3.2 Results

Dips computed in this manner are �ltered to remove estimateswith standard errors

> 15� and then projected onto a� 9 km-long, NW-SE-oriented (fault-parallel) section line

(Figure 4.4). We resolve the steepest dips | mostly in the range 65� {80� | at the NW end

of the pro�le (the left-hand side of the �gure). Approaching the road cut (at � 2 km on the

pro�le), the dips abruptly drop to just 10 � {25� , consistent with the fault geometry of the

PSF observed in the �eld. Low dips persist for 1{1.5 km beforeincreasing linearly towards

the SE up to values of� 70� by � 7 km on the pro�le.
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4.4 Method 2: fault geometry from elastic dislocation modeling

4.4.1 Methodology

In this method, we estimate source parameters including fault dip using a simple elastic

dislocation model [137, 138]. Rather than attempting to model the entire EMC rupture,

we focus only on the region of purported low-angle slip in thenorthern Sierra Cucapah.

We invert the ICP x, y and z displacements to solve for fault geometry (fault strike, dip,

and top and bottom depths), rake, uniform slip magnitude, and wholesale shifts in thex, y
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and z directions to account for di�erences in survey georeferencing. We then forward model

surface displacement vectors for the optimized source parameters, and compare displacement

pro�les to those through the observed ICP data. In order to avoid complications around

fault tips and e�ectively reduce the inversion to a 2D problem, we model fault length such

that it greatly exceeds the dimensions of the study area.

Figure 4.5: Post-earthquake lidar and scarps (red lines) mapped in the �eld by [2] . Blue
quadrilaterals denote the swath boundaries for displacement vectors used as elastic disloca-
tion model input in Section 4.4. Green lines with end points at black dots show the scarp
segments used in Section 4.5. In Figure 4.4, distance corresponds to the pro�le A{A'.

We perform four inversions, the �rst using a� 4.5 km strip of ICP data extending south-

eastwards from near Highway 2 (displacements north of the Highway 2 contain 
ight line

artefacts and are poorly suited for this method). For the remaining inversions, we divide

this larger area into three sub-regions each containing distinctive and consistent displace-
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ment patterns (Figure 4.5). The northernmost sub-region (swath 1), immediately south

of the highway, encompasses the structural segment we interpret as most shallowly-dipping

from Section 4.3.2. The middle and southernmost subregions(swaths 2 and 3) correspond to

the structural segment identi�ed as more steeply dipping, and are divided here into two seg-

ments to account for a distinctive change in vertical displacement. Gross outliers including

edge artefacts are identi�ed visually and removed from eachdataset.

4.4.2 Results

All four models yield strikes of� 315� , consistent with �eld mapping and earlier disloca-

tion modeling [124, 125, 134], and slip of� 2{3 m that reaches the surface. However, four

inversions yield di�erent fault dips and rakes. The full area inversion yields a� 60� -dipping

oblique slip (normal-dextral) fault (Figure 4.6). Although the model produces a good overall

match to the observedx and y displacement �elds, it cannot reproduce the clear, NW{SE

gradient in hanging wallz displacements, further justifying the need to subdivide this fault

section into smaller sub-regions. Modeling of the smaller sub-regions yields fault dips of

� 18� , � 48� , and � 68� for Swaths 1, 2, and 3, respectively, indicating steepening towards

the southeast from Highway 2 (Figure 4.7, Figure 4.8, and Figure 4.9).

4.5 Method 3: fault dip from scarp-topography intersection

4.5.1 Methodology

In this method, we use the 3D trace of the 2010 surface rupture| the intersection of

the underlying fault plane with topography | to estimate the dip at the shallow depths

(10s { 100s of meters) sampled by the local relief. First, we prepare two simpli�ed surface

rupture traces, guided either by Fletcher et al.'s [2014] published rupture trace, de�ned as

continuously as possible by scarps that accommodate 30% or more of the surface slip, or by

the ICP surface displacement �elds, whose major discontinuity generally lies a little further

southwest. Second, we visually identify geometric segmentboundaries across which planar

�ts are most likely to yield high residuals; we go on to analyze scarp sections between these

89



0 2000 4000
�3

�2

�1

0

1

2

Distance along pro�le (m)

X
�d

is
pl

ac
em

en
t (

m
)

0 2000 4000
�4

�3

�2

�1

0

1

2

Distance along pro�le (m)

Y
�d

is
pl

ac
em

en
t (

m
)

0 2000 4000
�2

�1.5

�1

�0.5

0

0.5

Distance along pro�le (m)

Z
�d

is
pl

ac
em

en
t (

m
)

c d e

a b
Inversion results:

 strike:  316o

 dip:   60o

 rake:   -165o

 slip:   2.3 m

 x-mis�t:  0.40 m
 y-mis�t:  0.59 m  
 z-mis�t:  0.31 m

distance from region center (m)

-2260 2200

6.2 6.21 6.22 6.23 6.24

x 10
5

3.602

3.603

3.604

3.605

3.606

x 10
6

6.2 6.21 6.22 6.23 6.24

x 10
5

3.602

3.603

3.604

3.605

3.606

x 10
6

-1.5 0.4

vertical displacement (m)

-1.1 0.1

vertical displacement (m)
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Figure 4.9: Elastic dislocation results for Swath 3 in Figure 4.5. Input data (a) and forward
model (b) colored by vertical displacement. Solid black line indicates modeled fault, and
dashed black line shows a near-central fault-perpendicular pro�le. (c), (d), and (e) show the
modeled pro�le in black, with x, y, and z ICP displacements projected onto the pro�le and
colored by distance to pro�le; positive is to the southeast.Inversion parameter results are
listed in the upper right corner.
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boundaries, but not across them. Third, for each segment, wediscretized the surface trace

into N vertices at � 5 m point spacing with coordinatesx i , yi , and zi Finally, we compute

the dip � [degrees] of each segment by minimizing residual distancesbetween the simpli�ed

scarp coordinates and a plane de�ned by the plane equation coe�cients [unitless] A, B , C,

and D (Equations 1{4):

A � x + B � y + C � z + D = 0 (4.1)

tdi =
jA � x i + B � yi + C � zi + Dj

p
A2 + B 2 + C2

(4.2)

� =
�
2

� tan � 1 C
p

A2 + B 2
(4.3)

d =
NX

i =1

d2
i (4.4)

To ensure robust segment dip values, we additionally perform a bootstrapping statistical

analysis to minimize the impact of erroneous points incorrectly identi�ed as lying upon the

primary surface rupture. In each iteration, we �nd the planar �t to a randomly selected 70%

of the scarp points, repeating this test 1000 times to yield adistribution of planar �ts from

which uncertainties can be calculated.

4.5.2 Results

This method resolves four,� 0.7{2 km-long structural segments within the area of interest

(labeled 1{4 on Figure 4.5). Segment 1 is a northern range front fault with a narrow ( < 20 m)

coseismic deformation zone. Segment 2 captures a N-S-trending section of distributed scarps

north of Highway 2; we use the dominant westernmost scarp in our analyses. Segment 3

crosses undulating topography immediately south of the highway. A left-step in the rupture

trace separates this from the southernmost Segment 4, a deformation zone of variable width

(0{120 m).

The bootstrapping distribution yields mean dips and standard errors of 38.8� +/- 2.1 � ,

10.5� +/- 7.8 � , 14.8� +/- 2.3 � and 37.3� +/- 0.6 � for Segments 1{4 (Figure 4.10). The steeper
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dips along the outer segments approach the value of 50� estimated from coarse-scale geodetic

modeling in this area [125], while the central structures have much shallower dips that agree

within error with the � 20� dip of the PSF observed along Highway 2 [2]. The higher

standard deviation for Segment 2 reveals that its planar �t is highly sensitive to the random

sub-sampling of the simpli�ed scarp points, probably re
ecting a limitation of the small local

topographic relief.

Figure 4.10: Planes �t to four scarps lengths indicative of the shallow fault-topography
intersection. (a) Surface projection of the resolved planes to 100 m depth; Segments 1 and
4 form narrow swaths, indicating steeper dipping planes, while Segments 2 and 3 are wider
and thus have shallower dips. Red lines show the mapped scarpfrom [2], and green dots
show the discretized scarp vertices. (b) Bootstrapping results for each segment, with error
reported as one standard deviation. Red line indicates the best �t plane of all solutions.

4.6 Discussion

Our three largely independent methods each yield a consistent picture of coseismic fault

dip along the northern part of the EMC rupture (Figure 4.4). Ofparticular interest is the

� 2 km rupture section straddling the Highway 2 road cut, where dips are mostly < 20� ,

consistent with reactivation of the PSF. This dip appears to be consistent across the� 2 km

hanging wall width of the lidar coverage area, providing a rough upper limit on the bottom
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depth of low-angle slip, of at least� 500 m. Unfortunately, the critical question of whether

the low-angle slip extends to depths of several kilometers is untestable using the narrow

swath of lidar data.

Outside this restricted area, the lidar data generally support steeper dips of� 38-70� , more

consistent with the modeling of far-�eld, satellite-derived displacement �elds [124, 125, 134].

These methods appear to capture well the geometry at large spatial scales, but miss an

important smaller-scale (� 2 km along strike and at least� 1 km down-dip) feature of the

EMC earthquake.

The near linear increase in dip over� 4 km on the SE side of the low-angle slip region

may imply a relay zone or ramp structure linking the PSF to neighboring steeper sections of

faulting to the SE. This contrasts with the abrupt discontinuity in dip NW of the low-angle

slip region, which implies a sharper segment boundary such as a stepover. The earthquake

nucleated in the SE Sierra Cucapah, and so likely propagatedfrom SE to NW across our study

area (Figure 4.1. The ramp structure may therefore have promoted slip on the unfavorably-

oriented PSF.

Reactivation of the Paso Superior detachment fault in the EMC earthquake is among the

�rst well-documented examples of seismic slip on a continental LANF during the instrumental

period, and justi�es the interpretation that these are relevant active tectonic structures in

regions of continental extension. As such, these structuresshould be considered as possible

seismic sources in regional seismic hazard analyses; however, it is not clear from this study

whether earthquakes can initiate on LANFs, or act only as linksbetween more optimally

oriented faults. Additionally, Coulomb stress change calculations should consider slip on

LANFs. Depending on its extent, the PSF may have had a signi�cantunclamping e�ect

on faults to the NE, including the Imperial and southern San Andreas faults. Knowing the

depth of slip on the PSF is of great importance in determiningthe distances over which these

stresses are imparted, but unfortunately the narrow (� 3 km) aperture of the lidar data do

not provide good constraints. Still, our results suggest that slip on the PSF during the EMC
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earthquake was limited to only a few square kilometers, rather than across an expansive area

as suggested by [126].

4.7 Conclusions

We use di�erential lidar to establish the geometry of coseismic faulting in the northern

part of the 2010 Mw 7.2 El Mayor-Cucapah rupture zone. Three independent analytical

methods each support meter-scale slip along a� 2 km section of the� 20� -dipping Paso

Superior low-angle normal fault, consistent with local �eld-based interpretations. Coarser,

InSAR-based models missed this small-scale feature of the earthquake, which may have

enabled adjacent strike-slip faults to rupture together. Slip on a ramp structure, which

appears to connect the Paso Superior fault with steeper rupture segments to the southeast,

may have activated the detachment fault during the 2010 earthquake. This is one of the �rst

well-documented examples of low-angle normal slip in a major continental earthquake.
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CHAPTER 5

GENERAL CONCLUSION

5.1 Remarks, impact, and further work

The recent, increasing availability of digital topography|both as DEMs and point clouds|

has allowed us to examine tectonic landscapes over di�erenttime scales and at di�erent

resolutions. The research presented in this thesis exploits a variety of high-resolution to-

pographic (HRT) models, providing insights into HRT utility for undrestanding seismically

active structures and rupture processes, and contributingto a larger e�ort in the broad �eld

of active tectonics to understand how surface deformation re
ects earthquakes character-

istics. In tectonic geomorphology, this e�ort now extends beyond source characterization,

in which preserved fault scarps help resolve prehistoric rupture dimensions and slip magni-

tudes, to look at how surface deformation interacts with topography, lithology, and dynamic

rupture processes. The chapters of this thesis approach HRT in tectonic settings from three

di�erent perspectives.

In Chapter 2, we demonstrate a low-cost and logistically practical procedure for creating

high resolution datasets independently, rather than relying on industrial methods. Our

methodology, called Structure from Motion (SfM), builds onphotogrammetry to resolve

surface geometry from overlapping photographs. Adding a few GPS points, we produce

topography of su�cient accuracy and resolution to make scienti�c measurements; point

cloud accuracies match reported errors for traditional laser scanning methods. As such, SfM

has become common in not only tectonics, but for numerous other geologic and geographic

applications. This work led to personal involvement on several projects; I highlight the

following:

� Geophysical and Paleoseismic Investigation of the Cheraw Fault, Southeastern Col-

orado [139]
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� Borah Peak earthquake surface rupture investigation with Chris Duross and USGS (in

prep. for publication)

� Jointing around magmatic dikes as a precursor to the development of volcanic plugs

[140]

In Chapter 3, we revisit a historic earthquake|the 1959 Hebgen Lake earthquake|with

lidar data. This data-site pairing is unique because we knowwhen the earthquake occurred,

at which time its characteristics were recorded in great detail, but the surface rupture has un-

dergone over half a century of degradation. Additionally, a handful of paleoseismic trenches

along the main activated faults have revealed at least one additional prehistoric event. This

a priori information provides a calibration against which we tested our own slip distribu-

tion, and we ultimately concluded that most of our larger throw values (compared to the

1959 measurements) caputure more than one earthquake, despite their topographic pro�les

being morphologically simple as if formed by only one event.This observation in nature

has implications for paleoseismology and source characterization, because without the 1959

measurements and trenches, we may have interpreted the scarp as a single event (although

we note that scaling relationships would suggest we were observing multiple slip events).

The Hebgen Lake earthquake had a normal faulting mechanism, and so is one of the �rst

earthquakes of its type to be covered by such a dense slip distribution ( � 30 m data spacing);

the majority of studies of this type have focused on strike-slip faults. As such, many young

theories on how surface ruptures re
ect fault geometry and rupture processes have been

limited to strike-slip events, in which the fault exposure (the surface deformation) is near-

parallel to the slip vector. The Hebgen Lake lidar provided the opportunity to test these

theories at a dip-slip site. Recent interests in scarp width, curvature, and along-strike strain

have proposed that "rough" faults re
ect immaturity. After l ooking at two measures of fault

roughness, we suspect that for normal faulting, roughness at the surface does not indicate

maturity, but rather structural inheritance and paleoseismic preservation. Furthermore,

we conclude that for the Hebgen Lake earthquake, the surface scarp does not correspond
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to deeper structures, but to shallow contacts that, although less optimally oriented, were

easier for the earthquake to propagate across. In order to better understand this, and

whether it's widespread among normal faults or only in speci�c stratigraphic and structural

situations, we must apply our methodology to more historic and prehistoric scarps dip-

slip faults. Furthermore, tectonic geomorphologists as a group would bene�t from agreeing

upon a standard measurement technique for scarp pro�les; this is slowly occuring as more

methodologies are published and measurement scripts are shared among groups.

In Chapter 4, we approach a mismatch between seismologic andgeodetic observations

with geology by using di�erential lidar to observe high-resolution displacements in the surface

rupture near �eld. This iterative closest point (ICP) technique, in which pre{earthquake

topography data are discretized into cells that are each rigidly transformed onto post-event

data, allows us to view an earthquake spatial frame that is not captured by widely applied

satellite geodesy (InSAR), GPS, or regional/global seismology. We focused on a shallowly

dipping structure along the 2010 El Mayor Cucapah surface rupture, which outcrops in a

road cut and corresponds with the surface rupture, aiming toresolve whether the structure

was activated during the earthquake and if so, to what extent. We found that the structure

accomodated slip for at least 100s of meters depth, and over a� 1X2 km area.

Taken with our results from Chapter 3, we have compiled two examples in which struc-

tures in the shallow subsurface seemed to have activated seismically, but do not re
ect the

deeper seismic sources. These revelations may have hazard implications, as they suggest

that low angle normal faults exposed in the geologic record may indeed be potential seis-

mic sources, or|at least|structures exploited during the d ynamic rupture process to link

up more signi�cant structures. Additionally, earthquake sources for faults of di�erent ge-

ometries relieve or increase Coulomb stresses on other regional structures, and so knowing

the orientation of source faults is important to understanding how seismic hazard changes

following a rupture. As HRT|especially as paired datasets straddling large earthquakes|

becomes more prevalent across continental faults, shallowsource structure will become more
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apparent, and could be used with rupture slip histories to understand fault interactions at

a �ner scale than is currently practiced.

The future of HRT tectonic applications is promising, and as national and global coverage

becomes more realistic, I look forward to multi-fault and multi-earthquake analyses that

further improve our understanding of earthquake mechanicsand rupture processes.
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APPENDIX - METHODOLOGY EXPANDED

A.1 Iterative closest point di�erencing

The Iterative Closest Point (ICP) algorithm aligns two point cloud representations of the

same surface or object in an iterative manner that solves forthe rigid body transformation

� that �nds the best correspondence between the surfaces.

� =
� 1 � 
 � t x


 1 � � t y
� � � 1 t z
0 0 0 1

�
] (A.1)

� , � , and 
 are rotations [radians] about the Cartesianx, y, and z axes, andtx , ty, and tz

are translations [m] in the east-west, north-south, and vertical directions. To �nd the closest

alignment, ICP minimizes the summed mismatch between points in the "source" cloud and

planes �t to clusters of points about a target point in the "target" cloud, minimizing

E =
X

i

k(�p i � qi ) � ni k
2] (A.2)

where E is error, pi is the source point location,qi is the target point location, and ni

is the normal to the plane containing the target point. The ICP algorithm used here is

described in detail by [18] and references therein.

Applied to earthquakes, ICP can reveal how the ground moved coseismically. Because

earthquakes cause spatially variably displacement, pointclouds are discretized into cells

de�ned by a sliding window, and then ICP is applied to each pre-event cell independently.

The post-event cells sometimes include a bu�er larger than the magnitude of expected slip.

Selected cell size depends on data point density and relief within the area. Each cell

must contain unique topographic detail, as sub-planar pairs of cells can be matched in

in�nite ways. The cells also must be small enough that extensive true internal deformation

(warping caused by an earthquake) is not present, which could prevent ICP alignment.

For the El Mayor-Cucapah datasets used in Section 4, [19] used 100 x 100 m cells for

both datasets, with no bu�er on the post-event data, and constrained their study area to
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the more mountainous northwestern half of the dataset.

A.2 Scarp degradation modeling

Scarps formed in unconsolidated materials evolve according to the di�usion equation

[141]:

u(x; t ) = a � erf (
x

2
p

� � t
) + b� x (A.3)

where u(x,t) is the scarp elevation [m] at along-pro�le distancex [m] and time tt [years]),

a is half the throw [m], � is the regional mass di�usion rate [m2/year], and b is the far-

�eld slope of the o�set surface (unitless). This equation assumes that the scarp is initially

vertical. In reality, early degradation may be governed by non-di�usive mass failure processes

(gravitational collapse), which may occur over highly-variable timescales. Thus, we models

di�usive morphology from the angle of repose rather than thescarps initial shape, which

may be more instructive.

u(x; t ) = ( � � b) � (
�t
�

)
1
2 � (exp[�

[x +
a

(� � b)
]2

4�t
] � exp[�

[x �
a

(� � b)
]2

4�t
])

+
(� � b)

2
� ((x +

a
(� � b)

) � erf (
x +

a
� � bp
4�t

) (A.4)

� (x �
a
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p

4�t
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