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Earthquakes in complex fault settings: Examples from the Oregon Cascades, Eastern
California Shear Zone, and San Andreas fault

Michael John Vadman

ABSTRACT

The surface expression of upper calideformation varies widely based on geologic
settingsNormal faults within an intrarc basinstrike-slip faulting within a wide shear

zone, and creeping fault behavalk manifest differeny and require a variety of

techniques for analysis.

In this dissertation | studied three different actively deforming regions across a variety of
geologic settings. First, | explored the drivers of extension within the La Pine graben in
the Oregon Cascades. | mapp&f new Quaternary faults and conducted paleoseismic
trenching, where | found evidence for a Aate Holocene earthquake on the Twin Lakes
maar fault. | suggest that tectonics and not volcanism is responsible for the most recent
deformation in the regiobased on fault geometries and earthquake timings, although
more research is needed to tease out finer temporal and genetic relationships between
tectonics and volcanism regionally. Second, | investigated the rupture pattern and
earthquake history of the @@ fault system in the Eastern California Shear Zone. We
mapped ~18 km of continuous rupture, with a mean offset of 2.3 m based on 39 field
measurements. We also found evidence for two earthquakesd],.0.ka and 5.56.6 ka
through paleoseismic trelming. We develop a number of different multifault rupture
scenarios using our rupture mapping and rupture scaling relationships to conduct
Coulomb stress change modeling for the most recent earthquake on the Calico fault
system. We find that the most retenent places regions adjacent to the fault in a stress
shadow and may have both delayed the historic Landers and Hector Mine ruptures and
prevented triggering of the Calico fault system during those events. Last, | studied the
spatial distribution of theouthern transition zone of the creeping section of the San
Andreas fault at Parkfield, CA to determine if it shifted in response to the M6 2004
Parkfield earthquake. | used an Iterative Closest Point algorithm to find the displacement
between two lidar atasets acquired 13 years apart. | compared creep rates measured
before the 2004 earthquake to creep rates calculated from my lidar displacement results
and found that there is not a discernible change in the overall pattern or distribution of
creep as aasponse to the 2004 earthquaReaks within théidar displacement results
indicate complexity in the geometry of fault locking.
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GENERAL AUDIENCE ABSTRACT

Fault behaviowaries widely across different regions, dependinghertype of fault and local

geology.

In this dissertation | examine three regions with different mechanisms controlling deformation
within them. First, | study the relationship between volcanic and tectonic induced faulting in the
La Pine graben in the Oregon Cascades. While volcanoes and tectonics can both produce faults
within a region, the surface expression of those faults changes d@ependhe underlying

driver. | map > 20 new faults in the La Pine graben. | also conduct paleoseismic trenching on one
of the newly identified faults, the Twin Lakes maar fault, and find that its most recent rupture
occurred < 7.6 ka. | conclude that teusm is the dominant driver of faulting within the La Pine
graben based on the fault geometries and timing between identified regional earthquakes and
volcanism.Second, | explore recent rupture on the Calico fault system in the Eastern California
Shear Dne, which is a wide region across eastern California where deformation is distributed
among many faults. Faulting in this region is complex, with some earthquakes occurring on
multiple connected faults. | conducted a paleoseismic survey to determtmeitigeof the most

recent earthquake(s) on the Calico fault system. This trenching effort found eviden& for 1
earthquakes, the most recent occurringiQ157 ka. | use the rupture mapping and earthquake
timing to develop a number of various rupturersarios. | use these scenarios as inputs for
computer modeling to explore the regional stress changes from these events and find that they
reduce the overall stress in the area, elongating the amount of time between regional earthquakes.
Last, | examine tw creeping fault behavior on the San Andreas fault near Parkfield, CA

changes as a response to an earthquake. Creeping behavior is where the two sides of a fault are
continuously moving past one another. | examine the spatial distribution of whereathe Sa
Andreas fault transitions from creeping to locked behavior by differencing twerdsghution

lidar topographic datasets taken after the M6 2004 Parkfield earthquake. | compare my
displacement results to pA®04 datasets and conclude that the trams#ane did not

appreciably change as a result of the earthquake.
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Chapter 1: Introduction

This dissertation examines the surface expression of tectonics in a variety of geologic
settings and aims to examine their underlying processes.
Chapter 2Active fault mapping and reconnaissance paleoseigm@stigations
in the La Pine graben, Oregon Cascades, liS#&stigates the earthquake history of an
intracarc basin in the Oregon Cascades and explores the relationship between tectonic and
volcanic induced faulting in the region. We map >20 new faulesgacross the La Pine
graben using airborne lidaerived topography. We also open two paleoseismic trenches
on two of those faults, finding evidence for one gdazama (7.6 ka) event on the Twin
Lakes maar fault, doubling the number of known pdaramaevents in the La Pine
graben (Lyon, 2001 Based orfault geometries and timing of regional volcanism, we
suggest that tectonism is the current driver of faulting within the La Pine graben.
Chapter 3Evidence for a Prehistoric Multifault Rupture Alotige Southern
Calico Fault System, Eastern California Shear Zone, g8#ores the earthquake record
and expression of complex, multifault rupture in the Calico fault system in the Eastern
California Shear Zone using rupture mapping, paleoseismic trenemdg;oulomb
stress change modeling. Historically, complex, multifault ruptures are the common mode
of rupture in the Eastern California Shear Zone with the three major historic earthquakes
(1992 Landers, 1999 Hector Mine, and 2019 Ridgecrest) all rugtomiritiple discretely
mapped faults (Sieh et al., 1993; Treiman et al., 2002; Ross et al., 2019). Here we study
the Calico fault system, which is located between the faults responsible for the 1992
Landers and 1999 Hector Mine ruptures and did not ruptuesponse to either of those

events.



We find ~18 km of continuous rupture between the Calico and Hidalgo faults of
the Calico fault system. The sharpness and continuity of these features suggest a
simultaneous rupture, similar to multifault rupturesestsed historically. We find 2.3 m
of mean slip based on 39 field measurements on these freshly ruptured features. Using
empirical scaling relationships we estimate that the original length of rupture is ~80 km,
corresponding to a M 7.4 earthquake. Thropgleoseismic investigations, we find
strong evidence for one prehistoric earthquakd Y ka and weaker evidence for
another event 5.6 6.6 ka.From this work, we develop a number of plausible rupture
scenarios involvindaults within the Calico fatilsystem and perform Coulomb stress
change modeling to determine their regional effect. We determine that much of the region
adjacent to the Calico fault system was placed in a stress shadow as a result of the most
recent rupture. This suggests that thestmecent everin the Calico fault system
inhibited thecurrent earthquake cluster seen through the Landers and Hector Mine events
as well as prevented triggering on the Calico fault system from those events.

Chapter 4Distribution of creep through thedekfield section of the San Andreas
fault before and after the 2004 M6 Parkfield earthquekamines the distribution of
creep along the San Andreas fault before and after the M6 2004 Parkfield earthquake
using 3D topographic differencing of highsolutian topography. While faults are
normally thought of as being locked in the interseismic period with occasional coseismic
bursts of slip, some faults have constant aseismic slip. The San Andreas fault system in
California behaves aseismically in its cenCaéeping section and has a southern
transition zone going from aseismic creep to locked behavior around the town of

Parkfield. We examine if this transition zone is stationary before and after the M6 2004



earthquake by comparing p2@04 creep rate data€luding creep meter and alignment

array measurements, Titus et al., 2006) to creep rates calculated through 3D topographic
differencing of lidar. We conduct an Iterative Closest Point analysis between the 2005 B4
lidar dataset and 2018 Parkfield datdeadetermine displacements along the fault for

that 13year time window (Besl and McKay, 1992, Chen and Medioni, 1992, Nissen et

al., 2012, Scott et al., 2020). We calculate the creep rate along the fault by subtracting the
North American plate displacentemate from the Pacific plate displacement rate. When
comparing our results to pH04 creep rate data and 2004 coseismic slip distributions,

we find that the locked portion of the San Andreas fault did not shift as a result of the M6

2004 earthquake.
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Abstract:

Despite geologic and geodetic evidence of ongoing extension across the Oregon
Cascades, the late Quaternary structural expressithis deformation is not well

constrained. High resolution airborne ligdarived bare earth topography enables
examination of densely forested portions of the Cascade Range to test for the presence of
late Quaternary faultelated deformation.

We target a portion of this extensional system by mapping evidence for recent faulting
across the La Pine graben on the eastern flank of the central Oregon High Cascades. Our
mapping documents N20 new Quaternary fault traces across the graben, illustrating that
late Quaternary deformation is distributed across a wide zone. Paleoseismic

investigations on the Twin Lakes maars fault within the La Pine graben provide evidence


https://doi.org/10.1016/j.geomorph.2018.10.003

for a midlate Holocene earthquake based on the offset of the 7.6 ka Mazama tephra.
Potentialtemporal and genetic relationships between faulting and volcanic activity
remain unclear because of limited age control, but this research provides a critical
foundation for future paleoseismic efforts, targeted geochronologic studies, and basin

structureand development investigations.

Introduction

Our understanding of the active tectonics in the Pacific Northwest has been
facilitated by the expansion of airborne lidar topographic data over the past ~20 years
(Haugerud et al., 2003). As has been widetgassed before (e.g., Cunningham et al.,
2006; Prentice et al., 2009; Meigs, 2013), LIDAR DEMs resolve submeter ground surface
topography beneath dense forests, enabling detection of small and subtle surface
deformations associated with prehistoric eautiiggs. For example, in the forested Puget
Lowland (Washington), airborne lidar topography has contributed to the identification
and documentation of recent movement on over 20 faults (Fig. 1; e.g., Haugerud et al.,
2003; Sherrod et al., 2008). In contr&tegon has seen relatively few discoveries of
new faults or advances in understanding of Quaternary activity (e.g., Bemis and Wells,
2012; Madin and Ma, 2012; Speth, 2017), despite systematic lidar coverage spanning
~39% of the entire state and >75% o thost densely populated western half of the state
(as of 201 7http://www.oregongeology.org/lidar/collectinglidar.htrPreviously
established, widespread Quaternary faulting in Oregon is east of the Cascades Range

(Fig. 1) where a strong orographic effect contributes to extensive grassland landscapes



and lower erosion rates. This simplified detailed active fault maggingto recent lidar
topographic data sets (Personius, 2002; Weldon et al., 2003).

The discrepancy between rates of fault o6d
Washington is likely the result of several interrelated circumstances, including
differences in local tectonics and crustal structure, differences in surficial geology and/or
erosion rat¢s producing contrasts in scarp preservation. Additionally, the sparse
population of central Oregon with <250,000 people, compared to Puget Sound with
>4,500,000, contributes to fewer recent neotectonic studies in central Oregon (U.S.
Census Bureau, 2018)hese parameters also provide a means to predict regions that
hold the highest potential for the presence of previously undocumented faults. Portions of
the Cascade Range itself stand out as promising targets for neotectonic research because
they exhibitthe conditions of relativelgense vegetation cover, low erosion rates, the
presence of geomorphic surfaces and markers, and limited prior study. In particular, the
High Cascades in the vicinity of the Shukash and La Pine basins (Fig. 2) exhibits
extensivdate Quaternary fluvial surfaces (MacLeod and Sherrod, 1992), widespread late
Quaternary and Holocene volcanic deposits (MacLeod and Sherrod, 1992; Scott and
Gardner, 1992), and limited published geomorphic and neotectonic research, except for
several samic hazard and geotechnical engineering reports.

The Cascade volcanic arc of central Oregon is an extensional arc system, broadly
similar to other active volcanic extensional arcs, such as the Taupo volcanic zone (e.g.,
Wilson et al., 1995; Villamor et 2l12017) and the Trardexican Volcanic Belt (e.g.,

Suter et al., 2001; Ferrari et al., 2012) that exhibit widespread normal faulting and high

rates of volcanic output. The local overlap of Basin and Range extension and the High



Lava Plains trend of silicivolcanism complicate the framework of the central Oregon
Cascades volcanic arc (e.g., Ford et al., 2013). These different systems introduce multiple
modes of tectonic behavior and volcanic/magmatic inputs that may vary significantly
over short spatial ahtemporal scales.

As the foundation for future seismic hazards and vol¢aomnic interaction
studies, we have conducted reconnaissance mapping and paleoseismic investigations on
active faults on the east flank of the High Cascades along the uppeui@ssRiver (Fig.
2). Although a few of the topographically prominent faults have been named and
documented by previous workers, the U.S. Geological Survey Quaternary fault and fold
database (Personius, 2002) and recent geotechnical engineeringgepedisze the
faulting in this zone as the ALa Pine graben
noted that the association of young volcanic deposits with the distributed faulting pattern
of the La Pine graben suggests possible nontectonic faultistindguishing where La
Pine graben faults lie on the spectrum from tectonic to volteetonic to dikenduced
faulting is critical for proper seismic hazard evaluation and interpretation of tectonic
evolution (e.g., Smith et al., 1996; Payne et al., 2@¥mezVasconcelos et al., 2017).
However, the limited regional neotectonic data and volcanic chronologies currently
preclude the ability to confidently distinguish between possible modes of surface
displacementieneration. We performed detailed mappihépalt traces across the La
Pine graben using bare earth lidar data and, where high water levels concealed some low
lying topography within Wickiup Reservoinjgh-resolution satellite imagery. We visited
a number of these fault scarps in the field andiemtook exploratory paleoseismic

trenching on two of them (Fig. 3). These excavations uncovered a distinct primary



stratigraphy of the thick Mazama tephra in sharp contact with an underlying well
developed soil. One of these trenches spanned the Twin ire@sfault scarp and
exhibits a posMazama surface rupture. With a 7.6 ka age on the Mazama tephra, this
(Zdanowicz et al., 1999; Egan et al., 2015) demonstrates Holocene activity for at least

one of the faults in the La Pine graben.

Geologic background

The northeastlirected subduction of the Juan de Fuca plate beneath the North
American plate dominates the tectonics of the Pacific Northwest (Fig. 1). This oblique
subduction, combined with shear contributed from the Padidith American plate
boundaryto the south, drives regional clockwise rotation around a pole in the region of
southeast Washington/northeast Oregon (e.g., Wells and Simpson, 2001; McCaffrey et
al., 2007; Fig. 1). As a result of this deformation pattern, exteusionnates the
Cascads volcanic arc in Oregon, as demonstrated by thellongv e d 6 Hi gh Cascad e
grabendé (e.g., Smith and Taylparalelacive8 3) and t
normal faults (Personius, 2002). Late Quaternary extension rates across the central
Oregon Casade Range are estimated &8 Inm/y (Conrey et al., 2002). The expression
of extension varies along the arc axis. It is dominated by the High Cascades graben to the
north (Taylor, 1990) and Basin and Range style faultirtgeésouth, where NVBE to
N-S aiented faults produce broad heggtiben structures (e.g., Pezzopane and Weldon,
1993; Fig. 1). Between these systems, extending south from near Crater Lake to north of
the Three Sisters volcanoes (Fig. 1), the faults exhibit a relatively subdued tdpograp

expression. Instead, a much higher volume of mafic volcanism in this region relative to



the rest of the Cascade arc during the Quaternary (White and McBirney, 1978; Sherrod
and Smith, 1990) results in a landscdpeninated by lava flows, cinder conasd shield
volcanoes (MacLeod and Sherrod, 1992; Hildreth et al., 2012; Fig. 2). Shallow Curie
point isotherms indicate high heat flow across the High Cascmdlesn and are
consistent with abundant volcanism and ongoing crustal extension (Connard @83).,

The dominant structure in this portion of the High Cascades is the La Pine graben.
It is an extensional system that occupies a portion of thedbef terrain between the
western flank of Newberry volcano and the crest of the Cascade Randg2) (Fige
extent and subsurface structure of the graben was interpreted originally based on gravity
surveys that illustrate two subbasins separated by a horst block. The La Pine basin
occupies the generally-8 trending valley east of the horst block occdig the town
of La Pine and the Little Deschutes River (Fig. 2). The Shukash basin iswest of the horst
block. It has a gravity signature that parallels the La Pine basin, but exhibits a more
irregular topography because of the occurrence of large, yalognic edifices (Pitts
and Couch, 1978). Limited data from water wells demonstrate up to ~450 m of
Quaternary basin fill near La Pine, but depths ofi 180 m are more typical to the west
and 3060 m depths in the Shukash basin (Lite Jr. and Gannett;, 3B@2rod et al.,
2002).

Several regional compilations of Quaternary faulting (Pezzopane and Weldon,
1993; Ake et al., 2001; Personius, 2002; Weldon et al., 2003) include either two or three
NE-oriented, approximately located (moderately constrained soRirs, 2002, and
shown as dashed lines in Fig. 2) fault traces that appear to be mapped based on strong

gradients in the gravity data of Pitts and Couch (1978). Although these appear to



represent the margins of the basins, these fault traces do notiséheowespond with

any mapped fault traces, topographic lineaments, or volcano alignments. However, these
compilations do include several fault surface traces, including the Wampus fault and the
Dilman Meadows fault. The Wampus fault, also describedea®daimpus fault zone,

consists of several fault strands that offset Pleistocene volcanic landforms and extends for
~14 km, forming the western side of a bedrock ridge separating the La Pine and Shukash
basins (Figs. 2 and 3). The Dilman Meadows fault iE-glipping normal fault with a

map trace of ~3 km where it traverses several fluvial terraces along the Deschutes River.
An ~12 m tall natural exposure of the Dilman Meadows fault occurs on the north bank of
the Deschutes River, exhibiting a 68° E fault difgl a sequence of lacustrine silt, glacial
outwash gravels, and the Mazama tephra forming the top of the deposits (Figs. 3 and 4A,
Lyon, 2001). Age control from the displaced sediments is limited; the lacustrine silt on

the footwall contains the Pringlealis D tephra (218110 ka; HerreBervera et al.,

1994), and the top of the section is bracketed by the 7.6 ka Mazama tephra (Zdanowicz et
al., 1999; Egan et al., 2015). Lyon (2001) argued that the exposure contains evidence for
several faulting events, thisome evidence from colluvial wedges. Additional

earthquake evidence was demonstrated in a nearby trench that exposed the faulted base of
the Mazama tephra, indicating the occurrence of a Holocene surface rupture on the
Dilman Meadows fault (Lyon, 2001%everal other previously mapped faults are defined
based on large scarps on the flanks of Pleistocene shield volcanoes and from a series of
extensional fissures that are aligned with the southern end of the Mount Bachelor
volcanic chain. This includes akBn-long fault, Nstriking fault trace extending down the

north flank of Davis Mountain; aBm-long, N-striking fault trace transecting the east

10



flank of Round Mountain; and a 4kn-long fault trace starting at the southern end of the
Mount Bachelor volanic chain that follows a series of fissures along the crest of an up to
15-m-tall, E-facing scarp in Pleistocersged lava flows (Scott and Gardner, 1992;

Personius, 2002).

Quaternary stratigraphy of the Cascade Lakes area

Previous studies documentingtQuaternary stratigraphy of the Cascade Lakes
region focus almost entirely on local volcanic deposits (MacLeod and Sherrod, 1992;
Scott and Gardner, 1992),with limited direct study focused on volcaniclastic sediments
and glacial deposits that are alsoger (Cameron and Major, 1987; Scott and Gardner,
1992). Volcanic deposits of the region consist generally of basalt and basaltic andesite
(Gardner, 1994) lava flows and pyroclastic deposits associated with shield volcanoes,
cinder cones, and maars. Altlghudirect age determinations on the large volcanic
edifices are few (e.g., the small shield volcanoes of Round Mountain, Davis Mountain,
Pringle Butte, Gilchrist Butte; Fig. 3) in our map area, MacLeod and Sherrod (1992)
assigned most of these to the uppkocene to Pleistocene based on morphological
similarity to those with known ages, and several are noted to be older than ~0.78 Ma
because of reversed magnetic polarity.

Extending north from the middle of the La Pine graben is the Mount Bachelor
volcanicchain, a 28m-long chain of cinder cones and small shield volcanoes with
associated extensive lava flows (Fig. 2). This system formed during five distinct eruptive
episodes that cumulatively output ~40%oh basaltic andesite (Scott and Gardner, 1992;

Gardner, 1994). The 30+ cinder/scoria cones of the Mount Bachelor volcanic chain form

11



a prominent lineament that is dueS\at the north end and curves ~10° to the east along
the southern half of the chain. Two short sections of smaller fissure ventshage at
southern end of the chain. The first section of fissure vents extends for 900 m south of the
southernmost cinder cone and is characteristically parallel to and ~150 m west of a fault
scarp. Extending farther south from the first section is anotlem46r fissure vents that
appear to emanate from the fault scarp itself.

Three smaller volcanic vent alignments occur in or near the La Pine graben, each
exhibiting different volcanic character. MacLeod and Sherrod (1992) describe-an ~20
km-long alignmentomprised othree widely spaced lava flows and associated cones
that are compositionally similar (andesite with millimetered quartz phenocrysts) and
postdate the Mazama tephra. The northernmost cone, Davis Lake cone (Fig. 2), is
radiocarbon dated aD65 4830 cal BP (4740 + 250C YBP; Meyer Rubin, written
communication, 1987, in Macleod and Sherrod, 1992). Parallel to and 5 km east of the
Mount Bachelor volcanic chain is an alignment composed of two overlapping chains of
distinctly different generatins of volcanic activity (Fig. 2). MacLeod and Sherrod (1992)
mapped the fkm-long chain that includes Wake Butte as palagonite tuff cones (Fig. 2).
These features are deeply eroded with craggy ridge crests and a lack of preserved
cone/ring morphologies &b suggest an age significantly older than thHe81& lava
flows from the Mount Bachelor volcanic chain that onlap onto the western flanks of this
chain. Overlapping and extending north from the chain of tuff cones is a-&nigm
chain of cinder cones.hEse cones retain their cesiegaped morphology, but a smoother
morphology and onlapping relationships by the Mount Bachelor volcanic chain lava

flows from the west indicate that this chain formed prior t81l8. Macleod and
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Sherrod (1992) suggested thia¢se two chains coulthve formed from a single fissure
eruption where the palagonite tuffs formed where the eruption encountered abundant
nearsurface water and the cinder cones erupted through drier ground. The final vent
alignment occurs near the noststern reaches of Wickiup Reservoir, where North and
South Twin Lakes are 2 of 4-8 aligned maars (Figs. 2 and 3; Scott and Gardner, 1992).
This alignment continues northward to include overlapping strombolian cinder cones and
spattercones, with an ovaltl length of ~7 km (MacLeod and Sherrod, 1992).

The Mazama tephra is a nearly ubiquitous surficial deposit of the La Pine graben
that was sourced from the cataclysmic eruption of Mount Mazama (Williams, 1942). At
~80 km from its source at Crater Lake, thefall deposits across the La Pine graben
consist of 0.b1 m of pumiceous lapilli and ash that blankets most of the landscape
(Macleod and Sherrod, 1992). Various studies have dated the timing of this eruption at
~7.6 ka (Bacon, 1983; Zdanowicz et 4B99; Egan et al., 2015).

Glacial, glaciofluvial, and volcaniclastic deposits occur across the La Pine graben,
but existing geologic mapping has not targeted these deposits in detail. MacLeod and
Sherrod (1992) and Scott and Gardner (1992) documentedlglapiosits along the
western margin of the La Pine graben consisting of a complex of lateral, terminal,
recessional, and ground moraines. With wpediserved morainal topography, Scott and
Gardner (1992) correlated these glacial deposits with the Saktkeddvance of the
Cabot Creek glaciation of Scott (1977), which they assigned an age2a# k& based on
regional correlations (Porter et al., 1983). Downstream (eastward) from these glacial
deposits and across the La Pine graben are several broaw]iefvgeomorphic surfaces;

however, Lite Jr. and Gannett (2002) noted that existing geologic mapping does not
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differentiate alluvial from general Quaternary sediments. The mapping of Scott and
Gardner (1992) covered these geomorphic surfaces near thesdushthe Mount
Bachelor volcanic chain (Fig. 3) and they documented the lower surfaces and the valley
fills of abandoned channels within the upper higher surfaces as outwash correlated with
the Suttle Lake advance (18 ka). They described the higherfaces as possibly the
depositional top of a basiilling sequence of diatomite, lacustrine silt, clay, pebble
gravel, sand, and tephra (Fig. 4B). Soil development and geomorphic position suggest a
depositional age much older than the Suttle Lake ady&umat and Gardner, 1992). The
basinfilling sequence is exposed in several streamcuts along the Deschutes River; one of
these exposures is the type locality for the Pringle Falls D tephra (218 + 10 ka; Herrero
Bervera et al., 1994). Where exposed, thesanfilling sediments are welbedded and
dominated by volcaniclastic sediments and lacustrine depositional environments.
MacLeod and Sherrod (1992) noted that slightly folded sediments exposed in the banks
of Wickiup Reservoir could be early Pleistocémage but did not provide justification
for this correlation. Although the geologic mapping that distinguishes different levels of
geomorphic surfaces along the Deschutes River is of limited extent, regional airborne
lidar coverage facilitates tracingatdifferent geomorphic levels along the Deschutes
River and across the La Pine basin (e.g., Fig. 3).

The basirfilling sediments exhibit low permeability, standing in strong contrast
to the highly porous and permeable volcanic rocks that surround or éeneimplaced
on top of the basin (Lite Jr. and Gannett, 2002). One of the consequences of permeability
of the volcanic rocks is a hydrogeologic system fed by precipitation that is rapidly

converted into groundwater in the Cascade Range and enters thatBs$iver system
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via springs along the basin margins. This process results in remarkably few streams and
channels outside of the main tributaries of the Deschutes River (Cameron and Major,

1987).

Quaternary fault mapping in the La Pine Graben

The appareriow erosion rates and widespread geomorphic surfaces preserved
across the La Pine graben provide an excellent environment for preserving scarps from
surfacerupturing earthquakes. The highly permeable Mazama tephra blankets most of
the landscape, rapidgonverting precipitation into groundwater and restricting surface
flow within the La Pine graben to the main channels of the Deschutes and Fall rivers.
This hydrologic regime combined with the low topographic relief across the La Pine
graben appears taiit the component of surface sediment transport from precipitation
related processes through the @tk Holocene. Surface modification through
bioturbation (including burrowing animals and tteéeow) likely occurs at higher rates
because of the presenaiedense conifer forests (dominantly ponderosa pine [Pinus
ponderosa], lodgepole pine [Pinus contorta], and grand fir [Abies grandis]), but is
presently unquantified for this environment. Throtigls dense forest cover, we have
mapped the Quaternaagtive faults from their expression in bagarth lidar topography,
satellite imagery collected during low reservoir levels, and reconnaissance field
examinations, but rely primarily on the bagarth lidar topography for our measurements
of fault characterigts. Airborne lidar data was obtained from the Oregon Lidar

Consortium http://www.oregongeology.org/lidgr/with our study area surveyed during
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2009 and 2010 at an average point density of 8 ptausaraster DEMs delivered with
0.92-m (3-t) resolution.

Most of our mapping with satellite imagery utilized the layers available through
Google Earth, along with digital orthoquadrangle imagery from the U.S. Geological

Survey via The National Magitps://nationalmap.go)/Fault scarps were primarily

distinguished based on recognition of anomalous linear topographic elements that
traverse the landscape, often crossing multiple geomorphic features and exhibiting a step
like morphology that could not be otherwise explained though normal geomorphic
processes. Slope maps and shawdidf derivatives of the barearth lidar DEMs readily
highlight the abrupt, linear features that stand in strong contrast to the low uehekes
and meandering stream channels preserved across the graben (Figppemdix A).

Our mapping documents >20 fault traces in and adjacent to the La Pine graben not
included in the USGS Quaternary fault and fold database and refines the locdtion an
length of several previously mapp@diaternary faults (Fig. 3). Of these numerous fault
traces, many occur as short, overlapping strands that define complex fault zones that
transect the La Pine graben. The orientations of all fault traces lie withiroOlsS and
the mapped surface traces vary in length from 0.5 to 7.5 km.

The Browns Mountain fault is the westernmost active fault trace we have
identified. It has a single distinct dowo-the-east scarp for 2 km across two late
Quaternary fluvial surfaas and an older hummocky surface of uncertain origin. The
scarp on the youngest surface has a vertical separation of 0.5 m and a separation of 2 m
on the surface that we correlate with the widespread Suttle Lake outwash, suggesting

multiple postglacial s@iace ruptures on this fault. To the north, this fault appears to form
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several splays that traverse the eastern flank of Browns Mountain before becoming
obscured by Crane Prairie Reservoir. Although a clear surface expression does not exist
southward from or mappedrace, the Browns Mountain fault projects toward Davis
Lake Cone, ~8 km away and the northernmost cone of a coger8talijnment of three
postMazama lava flows and cones of identical compositieg. 3; MacLeod and
Sherrod, 1992).

Parallel b and 3 km east of the Browns Mountain fault is the Twin Lakes maars
fault, another dowato-the-east fault scarp that extends from the eastern flank of the
South Twin Lake maar southward across two arms of Wickiup Reservoir and up the north
flank of DavisMountain (Fig. 3). We identified several aligned fault scarps, two of which
form linear shorelines during high water in Wickiup Reservoir, and these are continuous
with the previously mapped trace up Davis Mountain. One natural exposure of this fault
occus during low water in the reservoir and exhibits a steep fault plane with broadly
folded basin sediments exposed in the footwall (Fig. 3). The scarp vertical separation
increases toward the south, with a separation dflénat the north end, 1.5 m near the
middle, and >2 m adjacent to Davis Mountain.

Several fault scarps cross the broad outwash plain occupied by Wickiup Reservoir
(Fig. 3). Most of these scarps appear to be short, isolated fault traces, although a few
traces may connect up into longdructures where portions are obscured or perhaps did
not rupture the surface. Additionally, several fault traces connect with fault traces
preserved in the older volcanic rocks south of Wickiup Reservoir (Fig. 4C), with vertical
separations changing fronorth to south. Fault scarps on the outwash plain within

Wickiup Reservoir consistently have <1.5 m vertical separations.
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One fault trace with potential Quaternary activity but not{stle Lake
advance activity is the one we have mapped as the WiBoag scarp (Fig. 3). Its scarp
forms the westernmost edge of the higher;Quttle Lake geomorphic surface with a
vertical separation of 2 m. However, the scarp appears more degraded than similar scarps
nearby, and what makes this particularly suspicistise lack of an aligned fault scarp
along strike to the south across the younger outwash surface or to the north in the older
volcanic rocks that do exhibit fault scarps associated with other fault traces. Therefore,
while we suspect this is a fault teathat was active in the Quaternary, it does not appear
to have experienced a pestittle Lake advance surface rupture.

As discussed in the geologic background, the Dilman Meadows fault has an ~3
km-long trace that was documented in detail by Lyon (20@fs.B and 4A). The scarp
on the Suttle Lake outwash surface consistently has a vertical separatioi3ahzafd
~1.5 m on two lower terraces traversed by the fault. A parallel and opposite dipping fault
occurs ~550 m east of the Dilman Meadows fautinfog a narrow graben structure
(Fig. 3). The eastern fault is smaller, with a vertical separation b®Q.5n.

The previously mapped fault trace extending south from the southern end of the
Mount Bachelor volcanic chain exhibits ai 18 m tall scarp in Ristocene lava flows,
with the scarp exhibiting discontinuous opeuadal tension fissures up to 10 m in depth
(Fig. 3). Approximately 1.3 km east is a smaller, more subdued fault scarp that faces in
the opposite direction, forming a graben structures §haben is continuous to the south
where these faults pass from the Pleistocene lava flows into H&utite Lake

geomorphic surface. However, the deformation appears to become spread across
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additional fault traces as it approaches faults mapped ebtlie Deschutes River
associated with the Wampus fault zone (Fig. 3).

The easternmost active fault traces of the La Pine graben are discontinuous but
occur along the same trend and align with the Wake Butte chains of volcanic vents. One
fault trace acrosthe preSuttle Lake surface between the Fall and Deschutes rivers is
expressed primarily as aligned drainages that have an ~2 rsidedbwn offset across
the drainage. The presence of a fault is supported by a small section of fault scarp where
the trae exits a channel and crosses a remnant of the older geomorphic surface. To the
south, this fault trace projects toward more obvious fault scarps south of the Deschutes
River. Also, where this trace crosses the Deschutes River, the channel appears to be
diverted slightly northward as it switches from a highly sinuous course to a straighter
course on the upthrown side.

For a firstorder examination of how slip has been distributed across the La Pine
graben since the late Pleistocene, we measured the vdisiglacements for each of the
prominent faults that offset major aggradational surfaces and plotted the cumulative
vertical displacement against the distance across the graben (Fig. 5). We generated
topographic profiles from the lidar data to determhee\tertical displacements (see
Appendix Afor example profiles and their locations). In these profiles, we identified
parts of the original planar surface and the scarp face to use as parameters for the vertical
separation measurements, with multiple pesftaken to determine representative
surfaces (Thompson et al., 2002). The cigrsden distance is measured orthogonal to a
N-S line that passes through the summit of Browns Mountain and, with this point

position west of the westernmost fault scarp, vingti@rily assign this point a height of O
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m. In this framework, each edsicing fault scarp is recorded as a negative vertical
displacement and the wdsicing fault scarps recorded as positive vertical displacements.
Plotted scarp heights are only trertical component of displacement measured from the
late Quaternary geomorphic surfaces. These surfaces provide approximately planar
markers for measuring offset and allow the cumulative measurements to represent a
relatively consistent period of time. Susous of the origin of the Wickiup Road scarp,

we plot two cumulative profiles, with and without the Wickiup Road scarp (Fig. 5).
Despite limited direct age control on faulted landforms, this profile of offsets across the
graben illustrates that verticalirface displacements have occurred across the basin over

the past <18 ky.

Paleoseismic investigation of the Twin Lakes maars fault

We selected the Twin Lakes maars fault as the primary target of our
reconnaissance paleoseismic investigations becaulke géomorphic position and
general fault characteristics. The portion of the scarp near the southern Twin Lake maar
crosses an apparent plume of ejecta deposited along an ESE trend during the eruption
(Fig. 3). With Mazama tephra occurring at the grosadace, the maar clearly formed
prior to deposition of the teph#aproviding two clear a priori relative age markers for
establishing the timing of the scaligrming event.

We excavated the trench by hand (Fig. 4D) across the subduedn-t@lliscarp
atlocation t1 labeled on Fig. 3 (121.760138° W, 43.707660° N). The trench was 7 m long

and 1 1.8 m deep. General soil and stratigraphic relationships in this trench consisted of a
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thin O horizon, 0.70.8 m of Mazama tephra, and a deep red soil developedich®
cm of pebbly silt, all overlying a weathered basaltic tuff breccia (Fig. ®apeéndix A).
The O horizon <0.1 m thick and predominantly consists of roots, pine needles, and
decaying manzanita leaves. We subdivide the underlying Mazama tephra in to three
subunits, A, B, and C. The composition of the uppermost subunit, Mazama A, is
dominated byMazama airfall deposits but exhibits a significant degree of soil formation
that decreases rapidly downward through the subunit. Mazama B and C are unaltered
primary airfall deposits, with Mazama B composed of weakly sorted, mostly 0.5
10mmpumice ash andpilli and Mazama C consisting of welbrted 0.52 mm sized
pumice clasts. The pebbly silt below the Mazama tephra consists of ~10% coarse sand up
to pebblesized grains but is otherwise silt and fine sand. The deep red soil profile
developed on this unshows that this was the stable land surface prior to Mazama
deposition. The deepest exposure in the trench, in the bottom west corner (Fig. 6),
exposes the top of a basaltic tuff breccia. Given the stratigraphic position and the
landform this trench isxeavated into (Fig. 3), this deposit appears to be ejecta produced
during the formation of the South Twin Lake maar.

Three primary fault traces offset the base of the Mazama tephra. Each fault plane
dips between 60 and 70° E and exhibits a cumulativetaifsed.6 m (Fig. 6). These
faults form a discrete plane in the units below the Mazama tephra but rapidly diffuse into
distributed deformation within coarggained, noncohesive lower subunits of the
Mazama tephra. Identifying any sort of scdgyived cdluvium that might be expected
with such a large topographic step is difficult given the distributed deformation because

of granular flow. A portion of the section above the fault zones is obscured by reworked
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material that filled in a pit produced wherreet fell over in the recent past (the log and
rootstock is still present on the ground surface adjacent to the trench; Fig. 4).

We were unable to identify any in situ macroscopic fragments of organic material
for radiocarbon dating in the deposits beloe @ horizon. We correlated the tephra
deposits with the Mazama tephra based on the ubiquitous presence of this unit in the
region, as well as the color, texture, observed thickness, internal stratigraphy, and limited
degree of weathering. Although we da have a weldefined minimum age marker for
the surface rupture at this site, the 7.6 ka cal BP age of the Mazama tephra constrains the
surface rupture to the mitb late Holocene.

We also excavated a smaller test trench on another fault trace ~1.5HerNB
(labeled t2; Fig. 3). This trench was 3 m long and 1mdeep, exposing the same primary
stratigraphic relationships as documented in trenghspecifically 0.70.8 m of
Mazama tephra on top of a deep red buried soil. Our test trench did not spdh the
scarp, and our limited excavation did not happen to capture any evidence for fault related
deformation, leaving the paleoseismic investigations on this fault incomplete but
nevertheless confirming the persistence of key surficial stratigraphic nslatiohe

region.

Discussion

Our mapping of fault scarps across the La Pine graben in the central Oregon
Cascades demonstrates that late Quaternary tectonic deformation is widespread and not
isolated along the edges or any particular zone within the gralhe number of

individual faults, close fault spacing, and relatively short fault lengths suggest a young,

22



disorganized fault system, thin brittle crust, or some combination of both. We interpret
our mapped faults across the La Pine graben as steeplgglipormal faults. This is
consistent with both our limited number of direct observations of fault dip as well as
several locations where dip can be inferred from the surface trace across topography.
These faults are dominated by @iip displacement betise geomorphic features that are
offset by these faults do not exhibit lateral offsets ee@melon fracture and systematic
fault-stepover patterns. Therefore, steeply dipping (>60°) faults combined with a thin
(<10 km) brittle crust could support seMetestinct normal fault zones that cut through
the full seismogenic zone with additional faults operating as antithetic faults in the
hanging wall of the througgoing normal faults.

Despite limited direct age control on deposits and landforms acrosa Pied
graben, previous mapping agrees that most are Quaternary in age, indicating that all of
our mapped faults (Fig. 3) were active in the Quaternary. This motion 4 ®8& ka as
most of the faults offset late Pleistocene glaciofluvial surfacesllyibath the Dilman
Meadows fault (Lyon, 2001) and Twin Lakes maars fault (Fig. 3) exhibit evidence for
Holocene surface ruptures. Many of the fault scarps exhibit similar morphologies to the
Dilman Meadows and Twin Lakes maars faults across similarfatwveslandforms and
likely exhibit Holocene displacement; however, we suspect that scarp morphology alone
is an unreliable indicator of recency of fault motion in this region. This is due to the 0.5
1 m thick, noncohesive blanket of Mazama tephra acheskahdscape. A rounded scarp
without a discrete surface can be produced as discrete offsets of the base of the Mazama
tephra can diffuse rapidly into distributed granular flow, as we showed in our trenching

on the Twin Lake maars fault (Fig. 6)., Convéysere suspect that an existing fault
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scarp that was subsequently blanketed by the Mazama tephra could maintain a very
similar geomorphic appearance. Therefore, additional paleoseismic trenching is required
to obtain direct constraints on the most recenfiase rupture for each fault trace in the

map area. Fortunately, as our trenching demonstrates, it should be straightforward to
establish whether the mestcent surface rupture occurred before/after the Mazama
eruption. The instantaneous deposition eftdgphra on top of the existing soil profile
created a widespread, easily identifiable, isochronous marker horizon. To develop tighter
constraints on the timing of these prehistoric surface ruptures, we will need to identify
sites that are either, (i) geonphically younger, (ii) contain other identifiable tephras,
and/or (iii) represent a depositional environment that will preserve additional, dateable
stratigraphic horizons.

As an active extensional system, the La Pine graben appears to be restriated to t
region between the Wake Butte vent alignment and subparallel fault scarps on the east
and the Twin Lakes maars/Browns Mountain faults on the west (Fig. 3). The alignment of
this fault with the numerous springs and the Davis Lake cone chain support our
interpretation that the Browns Mountain fault is near the relativelytemy margin of
the active La Pine graben although the hummocky, irregular terrain to the west of this
fault could easily obscure a small surface displacement. This extent excludgsheea
entire La Pine basin from being part of the structurally active graben system despite that
basin exhibiting the deeper depths to basement encountered in water wells (this is
complicated by the presence of few documented water wells in the Shalshst.d
Pine graben (Lite Jr. and Gannett, 2002)). With the highest extensive geomorphic surface,

mapped by Scott and Gardner (1992) as éSuttle Lake aggradational surface,
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extending across the eastern half of the La Pine graben and across mudbad®itine

basin (Fig. 3), extensierelated subsidence apparently is not the only driver of basin
aggradation for the La Pine and Shukash basins. Volcanism associated with the northwest
rift zone of Newberry Volcano (Fig. 2) possibly could have contribudedidespread
aggradation through damming of the Deschutes River in addition to typical aggradation
episodes associated with glacial advances. For example, the Deschutes River near
Benham Falls was dammed by lava flows from Lava Butte at 7091 + 130 cal YBP
(Licciardi et al., 1999), which created a temporary lake that extended upstream into the

La Pine basin (Jensen and Chitwood, 2000; Jensen et al., 2009).

A persistent challenge for our studies and future paleoseismologic efforts in the
region is attemptingp distinguish seismogenic faults from surface displacements
produced by the subsurface injection of magma. There appear to be ample potential
sources for amagmatic contribution to the generation of fault scarps as the La Pine graben
(i) is aligned with tle Cascades volcanic arc, (ii) is situatedZDkm west of Newberry
Volcano, and (iii) developed withinragiondominated by Quaternary volcanic deposits.
However, evaluating the faults of the La Pine graben in the context of existing criteria for
distinguishing dikeinduced vs. nonmagmatic surface ruptures (e.g., Payne et al., 2009;
Stahl and Niemi, 2017) results in potentially conflicting interpretations. The volcanic
vent alignments of the Mount Bachelor volcanic chain, the Twin Lakes maars, and the
Wake Butte chain support an association with magmafditeced surface faulting.

Each of these alignments are collinear with mapped scarps in the La Pine graben,
suggesting the possibility of cogenetic relationships. Furthermore, the isolated graben

structues associated with the Dilman Meadows fault and the south end of the Mount
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Bachelor volcanic chain exhibit similar spatial scales and fault configurations to other
natural and experimental examples of grabens formed above shallowly emplaced dikes.
Cumulatve late Pleistocene displacement across the entire La Pine graben appears
limited (Fig. 5), consistent with expectations for magmatic induced grabens (Payne et al.,
2009).

Conversely, closer examination of features supportingiditteced generation of
suface faults provide evidence more consistent with tectdominated surface faulting.
Dike-induced grabens typically exhibit little to no vertical displacement, whereas the
grabens associated with the Dilman Meadows fault at the south end of the Mount
Bachelor volcanic chain exhibit significant cregsaben cumulative vertical
displacements. The collinear volcano alignments and fault scarps are commonly viewed
as diagnostic of dikenduced faulting if cogenetic (e.g., Smith et al., 1996; Bursik et al.,
2003; Payne et al., 2009). We show that the most recent surface displacement on the
Twin Lakes maars fault postdates the eruptive activity that formed the chain of maars and
cinder cones. Age relationships between the volcanic activity of the Mount Bachelor
volcanic chain and Wake Butte alignment and displacement activity on the collinear fault
scarps are currently unknown; but similar to the Twin Lakes fault, evidence of post
Mazama ruptures would also demonstrate asynchronous activity on these systems. The
potential for subsurface dike emplacement without cogenetic surficial volcanic activity
exists. However, the fault scarp geometry is more consistent with tectonic normal faults.

We interpret that Holocene deformation across the La Pine graben is dominantly
tectonic based on our observations and paleoseismic constraints. We expect that the

apparent conflict in evaluating dike induced vs. tectonic criteria for the La Pine graben is
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largely an artifact of (i) incomplete observational data sets, (ii) tectenitikeinduced
models are enthembers on a continuum of fault behaviors, (iii) nonunique criteria and
possible variability in criteria between different tectonic settings, and (iv) temporal
changes in system behavior (e.g., Rowland et al., 2010). leydartiwe suspect that the

La Pine graben system might have evolved from a more magsisted system during
activity of the Mount Bachelor volcanic chain {22 ka) into a more tectonically
controlled system at the present. However, it is likely that mamxi potential earthquake
magnitudes are lower than typical tectonically controlled normal faults and more similar
to estimates for dikenduced and volcantectonic systems given the recency of local
volcanic activity (e.g., Smith et al., 1996; Payne et24109).

While significant work remains to characterize the ages of volcanic events and
paleoearthquakes, our reconnaissance investigations support several clear advancements
in our understanding of regional hazards. For one, more surface fault trageaaoss
the La Pine graben than are depicted in the USGS Quaternary fault and fold database, and
these exhibit latest Pleistocene and Holocene deformation acrodsraviigle graben
system. The Twin Lakes maars fault (this study) and the Dilman MeadoltgLfyon,

2001) are evidence for two faults that exhibit f@te Holocene surface displacements
(postMazama tephra). The young surface displacements likely have a significant tectonic
component considering that the Davis Lake cone is the only voldapasit within 20

km that posdates the Mazama tephra. Regional hazard assessments should incorporate a
multihazard view to consider the likelihood for theamxurrence of earthquakes and

volcanic episodes (e.g., Villamor et al., 2017).

27



Conclusion

We daument numerous Quaternaagtive normal faults across the La Pine
graben in the central Oregon Cascade Range. These faults add significantly to the number
and distribution of known active faults in the region and suggest potentially complex
relationshipsetween the timing of volcanic activity and the timing of surface ruptures
on the faults. We present evidence for a fddazama tephra (<7.6 ka) surface rupture on
the Twin Lakes maars fault that, along with previous studies on the Dilman Meadows
fault (Lyon, 2001), indicate two separate pést ka surface ruptures in the La Pine
graben. This region requires continued work to constrain the timing of prehistoric surface
ruptures on other faults in the graben and to develop robust age control for geomorphic

surfaces to better constrain lotegm deformation rates.

Acknowledgements

Support for this research came frtime Global Forum on Urban and Regional
Resilience at Virginia Tech. This research also benefited from the freely accessible
airborne lidar data available from the Oregon Lidar Consortium and the Oregon
Department of Geology and Mineral Resource Indus(f€3GAMI). Specific thanks to
lan Madin of DOGAMI for his lidar evangelism and encouragement to tackle new
challenges unveiled by the lidar data. Daniele Mckay (OSU Cascades) visited our trench
site, providing a review of our observations and confirmediagacteristic stratigraphy
of the Mazama tephra exposed in the trenches. Cody Duckworth (WWU) generously

shared a Matlab script for measuring vertical separation on scarps. Comments from Colin

28



Amos, Laura Gregory, and Jim McCalpin significantly improveslmhanuscript. The
U.S. Forest Service graciously permitted us access to a number of sites in the research
area.

The authors declare no competing interests.

References

Ake, J., LaForge, R., Hawkins, F., 20@obabilistic Seismic Hazard Analysis for
Wickiup Dant Deschutes Project, Central Oregon: U.S. Bureau of Reclamation
Seismotectoni®eport 200e04. p. 71

Bacon, C.R., 1983. Eruptivedtory of Mount Mazama and Crater Lake Caldera, Cascade
Range, U.S.A. J. Volcanol. Geotherm. Res. 18133.
https://doi.org/10.1016/030273(83)90004b.

Bemis, S.P., Wells, R.E., 201Rvidence for Quaternary Faulting Along the Gales Creek
Faut Zone, Northwest Oregon, Seismological Society of America Annual Meeting,
April 17th¢19th, San Diego, CA.

Bursik, M., Renshaw, C., McCalpin, J., Berry, M., 2003. A volcanotectonic cascade:
activation of rangerbnt faulting and eruptions by dike intrusion, Mono Basimg
Valley Caldera, California. J. Geophys. Res. 108, 2393.
https://doi.org/10.1029/2002JB002032

Cameron, K.A., Major, J.J., 198Reconnaissance investigation of the sediment
distribution,erosion and transport in the upper Deschutes Rbeschutes County,
Oregon, Noverber 1986. U.S. Geological Survey WaRegsources Investigations

Report 874114, p. 24

29


http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0005
https://doi.org/10.1016/0377-0273(83)90004-5
https://doi.org/10.1016/0377-0273(83)90004-5
https://doi.org/10.1016/0377-0273(83)90004-5
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0015
https://doi.org/10.1029/2002JB002032
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0025

Connard, G., Couch, R., Gemperle, M., 1983. Analysis of aenoatiagneasurements
from the Cascade Range in Central Oregon. Geophysics 48RY.éttps://doi.org/
10.1190/1.1441476

Conrey, R.M., Taylor, E.M., Donneliolan, J.M., Sherrod, D.R., 20080orth-central
OregonCascades; exploring petrologic and tectonic intimacy in a propagatingatra
rift. In: Moore, George W. (Ed.), Field Guide to Geologic Processes in Cascadia; Field
Trips to Accompany the 98th Annual Meeting of the Cordilleran Section of the
Gedogical Society of America, @gon Department of Geology and Mineral Industries
Special Paper. 36, pp. d90.

Cunningham, D., Grebby, S., Tansey, K., Gosar, A., Kastelic, V., 2006. Application of
airborne LIiDAR to mapping seismogenic faults in forested mountainous terrain,
southeastern Alps, Slovenia. Geophys. Re#t. 33, L20308.
https://doi.org/10.1029/2006GL027014

Egan, J., Staff, R., Blackford, J., 20B5high-precision age estimate of the Holocene
Plinianeruption of Mount Mazama, Oregon, USA. The HolocenelP54,1067.

Ferrari, L., OrozceEsquivel, T., Manea, V., Manea, M., 2012. The dynamic history of
the Trars-Mexican Volcanic Belt and the Mexico subduction zone. Tectonophysics
522523, 122,149.https://doi.org/10.1016/j.tect0.2011.09.018

Ford, M.T., Grunder, A.L., Duncan, R.A., 2013. Bimodal volcanism of the High Lava
Plains and Northwestern Basin and Range of Oregon: distribution and tectonic
implications of agerogressive rhyolites. Geochem. Geophys. Geosyst. 14¢ 2836

2857.https://doi.org/10.1002/ggge.20175

30


https://doi.org/10.1190/1.1441476
https://doi.org/10.1190/1.1441476
https://doi.org/10.1190/1.1441476
https://doi.org/10.1190/1.1441476
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0035
https://doi.org/10.1029/2006GL027014
https://doi.org/10.1029/2006GL027014
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0045
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0045
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0045
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0045
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0045
https://doi.org/10.1016/j.tecto.2011.09.018
https://doi.org/10.1016/j.tecto.2011.09.018
https://doi.org/10.1002/ggge.20175
https://doi.org/10.1002/ggge.20175
https://doi.org/10.1002/ggge.20175

Gardner, C.A., 1994lemporal, Spatial and Petrologic Variations of Lava Flows from the
Mount Bachelor Volcanic Chain, Central Oregon High Cascades. U.S. Geological
SurveyOpenFile Report No. 94261. p. 100

GomezVasconcelos, M.G., Villamor, P., Cronin, S., Procter, J., Palmer, A., Townsend,
D., Leonard, G., 2017. Crustal extension in the Tongariro graben, New Zealand:
Insights into volcandgectonic interactions and active deformation in a young
continental rift. GSA Bull. 129, 1083.099.https://doi.org/10.1130/B31657.1

Haugerud, R.A., Harding, D.J., Johnson, S.Y., Harless, J.L., WeaverS@e®.od, B.L.,
2003.High-resolution lidar topography of the Puget Lowland, Washingebonanza
for eath science. GSA Today 13¢10.

HerrereBervera, E., Helsley, C.E., Sariéojcicki, A.M., Lajoie, K.R., Meyer, C.E.,
McWilliams, M.O., Negrini, R.M., Turrin, B.D., Nolan, J.M.D., Liddicoat, J.C., 1994.
Age and correlation of a paleomagnetic episode in the western United States by 40 39

Ar/ Ar dating and tephrochronology: the Jamaica, Blake, or a new polarity episode? J.
Geophys. Res. 99, 240824103 .https://doi.org/10.1029/94JB01546

Hildreth, W., Fierstein, J., Calvert, A., 2012eologic Map of Three Sisters volcanic
cluster,Cascade Range, Oregon. U.S. Geological Survey Saientrestigations Map
3186, pplll,scalel:24,000.

Jensen, R.A., Chitwood, L.A., 2000ava Butte Eruption and Lake Benham, Field Trip
Guidebook for the Friends of the Pleistocerfeacfic Northwest Cell. pp. 18288

Jensen, R.A., Donneljolan, J.M., McKay, D.M., 2009. Aeld guide to Newberry
Volcano, Oregon. In: O'Connor, J.E., Dorsey, R.J., Madin, I.P. (Eds.), Volcanoes to

Vineyards: Geologic Field Trips through the Dynamic Landscape of thédPaci

31


http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0060
https://doi.org/10.1130/B31657.1
https://doi.org/10.1130/B31657.1
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0070
https://doi.org/10.1029/94JB01546
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6000
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0080

Northwest: Geological Society of America Field Guide 15
https://doi.org/10.1130/2009d015(03)

Licciardi, J.M., Kurz, M.D., Clark, P.U., Brook, E.J., 1999. Calibration of cosmogenic
3He production rates from Holocene ldl@vs in Oregon, USA, and effects of the
Earth's magnetifield. Earth Planet. Sci. Lett. 172, 2@71.
https://doi.org/10.1016/S00821X(99)002046.

Lite Jr., K.E., GannettM.W., 2002.Geologic framework of the regional grouncter
flow system in the Upper Deschutes Basin, Oregon. USGS Numbered Series No.
20024015, WateiResources Investigations Report. U.S. Geological Survey.

Lyon Jr., E.W., 2001Late Quaternary Geochronology and Recent Faulting Along the
Easern Margin of the Shukash Basin, Central ¢zalsa Range. Boise State University,
Oregon, p. 99 (unpublished M.S. thesis)

MaclLeod, N.S., Sherrod, D.R., 199econnaissance geologic map of the west half of
theCrescent 1° by 2° quadrangle, central Oregon: U.S. @ealoSurvey
Miscellaneousnvestigations Map¢2215, scald.:250,000.

Madin, I.P., Ma, L., 2012The Blue Ridge Fault, a newly discovered Holocene fault near
Mount Hood. Oregon [abs.]: Seismological Society of America Annual Meeting
Abstracts. 83, no. 2, p. 374

McCaffrey, R., Qamar, A.l., King, R.W., Wells, R., Khazaradze, G., Williams, C.A.,
Stevens, C.W., Vollick, J.J., Zwick, P.C., 2007. Fault locking, block rotatral
crustal deformation in the Pé&ci Northwest. Geophys. J. Int. 169, 181840.

https://doi.org/10.1111/j.13658246X.2007.03371.x

32


https://doi.org/10.1130/2009.fl%20d015(03)
https://doi.org/10.1130/2009.fl%20d015(03)
https://doi.org/10.1130/2009.fl%20d015(03)
https://doi.org/10.1130/2009.fl%20d015(03)
https://doi.org/10.1016/S0012-821X(99)00204-6
https://doi.org/10.1016/S0012-821X(99)00204-6
https://doi.org/10.1016/S0012-821X(99)00204-6
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0095
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0100
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0100
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0100
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0100
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0100
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6005
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0105
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0105
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0105
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0105
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0105
https://doi.org/10.1111/j.1365-246X.2007.03371.x
https://doi.org/10.1111/j.1365-246X.2007.03371.x

Meigs, A., 2013. Active tectonics and the LiDAR revolution. Lithosphere 5,22%
https://doi.org/10.1130/RF.L004.1

Payne, S.J., Hackett, W.R., Smith, R.P., 2009. Chapter 4 paleokxjgrobvolcanic
environments. International Geophysics, Paleoseismology. Academic Press,@p. 271
314https://doi.org/10.1016/S007BL42(09)95004b.

Personius, S.F., 2002. Fault number 838Pine graben faults, in quaternary fault and
fold database of the United States: U.S. Geological Survey website. (conipifes)/
earthquakes.usgs.gov/hazards/qfadltcessed date: 9 February 2018.

Pezzopane, S.K., Weldon, R.J., 1993. Tectonic role of active faulting in Central Oregon.
Tectonics 12, 11441169.https://doi.org/10.1029/92TC02950

Pitts, S., Couch, R., 1978omplete Bouguer gravity anomaly map, Cascade Mountain
range, central Oregon: State of Oregon, Department of Geology and Mineratigsdus
Geological Map Series GM§, 1 sheet, scale 1:125,000.

Porter, S.C., Pierce, K.L.,adfnilton, T.D., 1983Late Wisconsin mountain glaciation in
thewestern United States. In: Porter, S.C..JE@he late Pleistocene, v.1 of Late
Quatenary Environments of the United States. University of Minnesota Press,
Minneapolisp. 73-11.

Prentice, C.S., Crosby, C.J., Whitehill, C.S., Arrowsmith, J.R., Furlong, K.P., Phillips,
D.A., 2009. llluminating Northern California's active faults. Eos. Trans. AGU 90, 55.
https://doi.org/10.1029/2009EO070002

Rowland, J.V., Wilson, C.J.N., Gravley, D.M., 2010. Spatial and temporal variations in

magmaassisted rifting, Taupo Volcanic Zone, New Zealand. J. Volc&eotherm.

33


https://doi.org/10.1130/RF.L004.1
https://doi.org/10.1016/S0074-6142(09)95004-5
https://earthquakes.usgs.gov/hazards/qfaults
https://earthquakes.usgs.gov/hazards/qfaults
https://earthquakes.usgs.gov/hazards/qfaults
https://doi.org/10.1029/92TC02950
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6015
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0135
https://doi.org/10.1029/2009EO070002
https://doi.org/10.1029/2009EO070002

Res. 190, 89108.https://doi.org/10.1016/j.jvolgeores.2009.05.08dking and
Breaking the Arc: a volume in honour of Professor John Gamble.

Scott, W.E., 1977. Quaternary giation and volcanism, Metolius River area, Oregon.

GSA Bull. 88, 118124.https://doi.org/10.1130/0016
7606(1977)8B113:QGAVMRN2.0.CO;2

Scott, W.E., Gardner, C.A., 199Geologic map of the Mount Bachelor volcanic chain
andsurrounding area, Cascade Range, Oregon. U.S. Geological Survey Miscellaneous
Investigation Series Map1967, 1 shdaescale 1:50,0Q0

Sherrod, D.R., Smith, J.G., 1990. Quaternary extrusion rates of the Cascade Range,
northwestern United States and southern British Columbia. J. Geophys. Res. 95,
1946519474 https://doi.org/10.1029/JB095iB12p19465

Sherrod, D.R., Gannett, M.W., Lite, K.E., 2068/drogeology of the Upper Deschutes
Basin,Central Oregon: a young basin adjacent to the Cascade volcanic arc. In: Moore,
George W. (Ed.), Field Guide Geologic Processes in Cascadia; Field Trips to
Acconmpany the 98th Annual Meeting of the Cordilleran Section of the Geological
Society ofAmerica, Oregon Department of Geology and Mineral Industries Special
Paper. 36pp. 11@144.

Sherrod, B.L., Blakely, R.J., Weaver, C.S., Kelsey, H.M., Barnett, E., Liberty, L.,
Meagher, K.L., Pape, K., 2008. Finding concealed active faults: extendéiisguithern
Whidbey Island fault across the Puget Lowland, Washington. J. Geophys. Res. 113,
B05313.https://doi.org/10.1029/2007JB005060

Smith,G.A., Taylor, E.M., 1983The Central Oregon high cascade graben: What?

WhereWhen? Geotherm. Resour. @o Trans. 7, 27&79.

34


https://doi.org/10.1016/j.jvolgeores.2009.05.004
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88%26lt;113:QGAVMR%26gt;2.0.CO;2
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6020
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6020
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6020
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6020
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf6020
https://doi.org/10.1029/JB095iB12p19465
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0160
https://doi.org/10.1029/2007JB005060
https://doi.org/10.1029/2007JB005060
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0170
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0170
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0170
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0170
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0170

Smith, R.P., Jackson, S.M., Hackett, W.R., 1996. Paleoseismology and seismis hazard
evaluations in extensional volcanic terrair@mith- 1996- Journal of Geophysical
Research: Solid Earthwiley Online Library. J. Geophys. Res. 101, 626292.
https://doi.org/10.1029/95JB01393

Speth, G., 2017Testing the time dependence of slip on the western Klahakih fault
zone, Oregon. M.S. thesis. Western Washington University (83 p).

Stahl, T., Niemi, N.A., 2017. Late Quaternary faulting in the Sevier Desert driven by
magmatism. Sci. Refy (44372)https://doi.org/10.1038/srep44372

Suter, M., Martinez, M.L., Legorreta, O.Q., Martinez, M.C., 2001. Quaternaryairttra
extension in ta central Trand/lexican volcanic belt. GSA Bull. 113, 6§803.https://
doi.org/10.1130/001:6606(2001)1180693:QIAEITN2.0.CO;2

Taylor, E.M., 1990. Volcanic history and tectonic development of the Central High
Cascade Range, Oregon. J. Geophys. Res. 95, dB#8322.https://doi.org/
10.1029/JB095iB12p19611

Thompson, S.C., Weldon, R.J., RubinMG.Abdrakhmatov, K., Molnar, P., Berger,
G.W., 2002. Late Quaternary slip rates across the central Tien Shan, Kyrgyzstan,
Central Asia. J. Geophys. Res. 107 (B9), 22®(s://doi.org/10.1029/20010B0596

U.S. Census Bureau, 2018. Quick facts United Sthtgss://www.census.gov/quickfacts/
fact/map/US/PST04521Accessed date: 24 August 2018.

Villamor, P., Berryman, K.R., Ellis, S.M., Schreurs, G., Wallace, L.M., Leortaig,,
Langridge, R.M., Ries, W.F., 2017. Rapid evolution of subduaetated
continental intraarc rifts: the Taupo Rift, New Zealand. Tectonics 36,(22%Q.

https://doi.org/10.1002/2017TC004715

35


https://doi.org/10.1029/95JB01393
https://doi.org/10.1029/95JB01393
https://doi.org/10.1029/95JB01393
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0180
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0180
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0180
https://doi.org/10.1038/srep44372
https://doi.org/10.1038/srep44372
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1130/0016-7606(2001)113%26lt;0693:QIAEIT%26gt;2.0.CO;2
https://doi.org/10.1029/JB095iB12p19611
https://doi.org/10.1029/JB095iB12p19611
https://doi.org/10.1029/JB095iB12p19611
https://doi.org/10.1029/JB095iB12p19611
https://doi.org/10.1029/2001JB000596
https://doi.org/10.1029/2001JB000596
https://www.census.gov/quickfacts/fact/map/US/PST045217
https://www.census.gov/quickfacts/fact/map/US/PST045217
https://www.census.gov/quickfacts/fact/map/US/PST045217
https://www.census.gov/quickfacts/fact/map/US/PST045217
https://doi.org/10.1002/2017TC004715
https://doi.org/10.1002/2017TC004715
https://doi.org/10.1002/2017TC004715

Weldon, R.J., Fletcher, D.K., Weldon, E.M., Scharer, K.M., McCrory, P.A., 2003.
Update ofQuaternary Faults of Central and Eastern Oregon, U.S. Geological Survey
OpenFile Report No. 02301.

Wells, R.E., Simpson, R.W., 200dorthward migration of the Cascadia forearc in the
northwestern U.S. and implications for subduction deformation. Earth Planets Space
53,275283

White, C.M., McBirney, A.R., 1978.6: Some quantitative aspects of orogenic
volcanism inthe Oregon Cascades. In: Smith, R.B., Eaton, G.P. (EzEnpzoic
Tectonics and Rgonal Geophysics of the Western Cordillera. Geological Society of
America.

Williams, H., 1942The Geology of Crater Lake National Park, Oregon. Carnegie
Institutionof Washington, p. 162.

Wilson, C.J.N., Houghton, B.F., McWilliams, M.O., Lanphere, M.A., WeaSeD.,

Briggs, R.M., 1995. Volcanic and structural evolution of Taupo Volcanic Zone, New
Zealand: a review. J. Volcanol. Geotherm. Res. 6381
https://doi.org/10.1016/0373273(95)00006G Taupo Volcanic Zone, New

Zealand.

Wong, I., Pezzopane, S., Dober, M., Terra, F., 28¥@luations of Induced
Seisnicity/Seignic Hazards and Risk for the Newberry Volcano EGS Demonstration.
URS

Zdanowicz, C.M., Zielinski, G.A., Germani, M.S., 1999. Mount Mazama eruption:

Calendrical age vdred and atmospheric impact assessed. Geology 2¢6821

https://doi.org/0.1130/00927613(1999)02B0621: MMECAWN2.3.CO;2

36


http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0215
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0215
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0215
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0215
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0215
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0220
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0225
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0230
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0230
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0230
https://doi.org/10.1016/0377-0273(95)00006-G
https://doi.org/10.1016/0377-0273(95)00006-G
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0240
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0240
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0240
http://refhub.elsevier.com/S0169-555X(18)30403-3/rf0240
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%26lt;0621:MMECAV%26gt;2.3.CO;2

Figures

"

A
\

‘\\
# British Columbid

) Warhingtonf
v [\

1\

A — \
1 North
o I -
A Amerllcan
Pla
Pacific B
Plate g

o
<

~50 mm/yr A
%%,
0 250 500 km Q. O
| I | l 9/0 (=3
130°W 125°W W
[ [l
€5 \High
Y g y :Cascades
- .~:§’ g ‘g(aben
Time of most recent fault activity = of /1 *‘?
—— historic (<150 y) . N
Three Sisters z
latest Quaternary (<15 ky) A .}\ 1
late Quaternary (<130 ky) AN ‘
middle and late Quaternary (<750 ky) [ AN R
— undifferentiated Quaternary (<1.6 ky) % ligure 2 WDERTY
— unknown/suspicious (Class B) \\\
select major volcanoes %
A ) Mt. Mazama A 5
Crater Lake Basin
0 50 100 km and
L] | Range
125°W 124°W 123°W ‘122%1{\ 121°W
L ] 1 [ 1 [ AN 1

Figurel. Location of the study area in the western U.S. and the Cascadia subduction zone
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representative sampling of GPS velocities in a North American reference from
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1
illustrating key features in the vicinity of our study area. White lines depict the

approximate area of the Shukash and La Pine basins as illustrated by gravity data (Pitts
and Couch, 1978). Red lines are faults from the USGS Quaternary fault and fold database

and are shown in red on Fig. 3 (https://earthquake.usgs.gov/hazards/gfaults/; last accessed
10 February 2018). Solid lines indicate faults with documented field evidecdashed
lines indicate faults interpretdtbm potential field data
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Figure3. Quaternary fault traces of the La Pine graben. Base map is sietided
topography generated from Oregon Lidar Consortium lidar. Our newly mapped fault
traces are in btk. Structures from the Quaternary faults and fold database are in red
(https://earthquake.usgs.gov/hazards/qgfaults/; last accessed 10 February 2018). Faults
with directly observed fault dip direction are shown with a ball and tick indicating dip
direction Other wellexpressed surface traces have U and D indicating the upthrown and
downthrown blocks respectively. A blank version of this figure without fault annotations
is available in the supplementary material. Abbreviations: BM, Browns Mountain; BMF,
Browns Mountain fault; CPR, Crane Prairie Reservoir; DC, Davis Lake Cone; DM,
Davis Mountain; DMF, Dilman Meadows fault; GB, Gilchrest Butte; LM, Lookout
Mountain; MBVC, Mount Bachelor volcanic chain; NTLM, Northern Twin Lake maatr;
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PB, Pringle Butte; pSLo, piSuttle Lake outwash; RM, Round Mountain; SLo, Suttle
Lake outwash; STLM, Southern Twin Lake maar; TLMF, Twin Lakes rfesadr; WR,
Wickiup Reservoir; WRs, Wickiup Road scarp.
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Figure4. Images of fault exposures (A,C), natural exposures of La Pibhergra
stratigraphy (B), and trench site for Fig. 6(D). Coordinates are listed for the photo
location. A version of this figure without annotationsis available in the supplementary
material. A) Natural exposure of the Dilman Meadows fault on the north bahk of
Deschutes River. Tree roots partially obscure the fault plane (black arrow)
(121.655111°W, 43.696739°N). B) Cut bank along the Deschutes River showing the
uppermost 30 m of the basiitling sequence of tephras, diatomites, and lacustrine silts
cappedoy a fluvial gravel (black arrows) and the Mazama tephra (121.579246°W,
43.766315°N). C) Low water level exposure of the Twin Lakes maars fault (white arrow)
along the shore of Wickiup Reservoir. Beds to the right of the fault are broadly folded,
dipping10i 15° east adjacent to the fault trace (121.763905°W, 43.702315°N). D) Trench
t1 on the Twin Lakes maars fault. The black arrow indicates the tree for the tree well
shown in Fig. 6. Locations of individual photos provided on Fig. 3. Black lines broadly
indicate the scarp extent (121.760138° W, 43.707660° N).

41



Cumulative vertical separation {m)

VE = 1000x
0 2 4 6 8 10 12 14 16

-10

West Distance across the La Pine graben (km) East
Figure5. Cumulative scarp heights across the La Pine graben since the late Pleistocene.
Eastfacing scarps are assigned negative scarp height values arfdouagtscarps
assigned positive valuewith these values summed from west to east across theLa
Pinegraben. Distances measured as distanceeast-Sflmélthrough the summit of
BrownsMountain. The grey includes the Wickiup Road scarp in the cumulative
measurement. The black line does notude the Wickiup Road scarp.
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Figure6. Trench log and photomosaic of the south
wall from our trench t1 on the Twin Lakes maars
fault. A solid white line defines the base of the
modern soil. The base of Mazama subunit A
(dashed blue line) is gradatidrver 5 10 cm.

The base of the coarse pumice lapilli defined as
Mazama subunit B (dashed green line) is
gradational over ~5 cm. The base of the Mazama
subunit C (purple line) is in sharp contact with the
underlying pebbly silt/préazama soil. A solid
black line in the westernmost bottom of the trench
illustrates clear contact between the pebbly silt
from older basaltic tuff breccia. Faulting is shown
in red, with solid lines indicating certainty of the
fault plane and dashed lines indicating where the
fault trace appears to diffuse into distributed
granular flow as the fault terminates toward the
surface. A tree well is designated with a black
contact and black hatching. The rounded crest of
the scarp is to the west with the original fault
geometry modifid by historic tree fall. A closer
look at the faulted area denoted by the black box in
the lower right corner is available in the
supplementary material. The corresponding north
wall is also available in the supplementary
material.
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Abstract

Geomorphic mapping and paleoseismologic data rexeadénce for a late
Holocene multifaulsurfacerupture along the Calieblidalgo fault system of the
southern Eastern California Shear Zone (ECSZ). We have identified ~18 km of
continuous surface rupture along the combined Calico and Hidalgo faultsvieittigy
of Hidalgo Mountain in the southern Mojave Desert. Based on the freshness of
geomorphic fault features and continuity of surface expression, we interpret this feature
to reflect a simultaneous paleorupture of both faults. Displacement alondebripture
is defined by 39 field measurements to be generally puresiightvith a mean offset of
2.3 m. Scaling relationships for this offset amount imply that the origurédcerupture
length may have been 28m (corresponding to a M7.4 earthqupked that much of the
rupture trace was erased by subsequent erosion of sandy and unconsolidated valley

alluvium. Eight luminescence ages from a paleoseismic trench across the paleorupture on
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the Hidalgo fault bracket the timing of the most recent rugtufSi 1.7 ka and a

possible penultimate event at 5656 ka. This timing is generally consistent with the

known earthquake clusters in the southern ECSZ based on previous paleoseismic
investigations. The ages of thessrthquakesalso overlap with the a&gbrackets of the

most recent events on the Calico fault 42 km to the north and the Mesquite Lake fault 40
km to the south from earlier work. Based on these age constraints and the expected
rupture length, we propose that the Calico fault system expediencgjor, multifault

rupture that spanned the entire length of the fault system between the historical Landers
and Hector Mine ruptures, but preceded these event&ilayka. Coulomb stress change
modeling shows that the Calico paleorupture may have elkldne occurrence of the
LandersHector Mine cluster by placing their respective faults in stress shadows and may
have also prevented a triggered event from occurring on the Calico fault following the
historic events. This work implies that closely spacgiiures in complex shear zones

may repel each other and thereby stretch out the duration of major earthquake clusters.
These results also suggest that complex mutlifault ruptures in the ECSZ may not follow

simple, repeatable patterns.

| ntroduction

Compgex multifault ruptures pose a challenge to seismic hazard analysis and the
understanding of fault dynamics. Such ruptures involve more than a single major fault in
a singleearthquakend typically involve complex secondary deformation at stepovers
and irtersections, as observed in recent examples from New Zealand, Alaska, central

Nevada, and southern California (Caskey et al., 1996; Haeussler et al., 2004; Hamling et
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al., 2017; Ross et al., 2019; Chupik et al., 2022). This style of rupture is difficult to
forecast or understand kinematically becaiggaceruptures commonly include
unmapped faults or faults that were thought to be disconnected at depthi¢Bend
Sammis, 2003; Ross et al., 2019). Multifautfacerupturesmay also balifficult to
detect in the paleoseismic record and are thus generally known only from historic
observations.

Three complex multifault ruptures have occurred in the last three decades in the
Eastern California Shear Zone (ECSZ): the 1992/M8 Landers, 1999 M7.1 Hecto
Mine, and 2019 M 7.1 Ridgecrest earthquakes (Sieh et al., 1993; Treiman et al., 2002;
Ross et al., 2019; Figure 1a). The ECSZ is a broad deformation zone consisting of
subparallel strikeslip faults that accommodate ~25% of the motion between the North
America and Pacific plates and transfers slip from the San Andreas fault to the Walker
Lane and Basin and Range to the north (Dokka and Travis, 1990; Savage et al., 1990; Li
and Liu, 2006; Liu et al., 2010; Plattner et al., 2010; Dixon and Xie, 2018pugththe
ECSZ formed ~610 Ma, it is considered immature due to the limited net slip it has
accommodated and the geometric complexity of its individual faults (Andrew and
Walker, 2016; Spotila and Garvue, 2021). This immaturity and associated kinematic
conplexity may be partly responsible for several of the ECSZ's characterigtis.
ECSZ exhibits a discrepancy between geological and geodetic slip rate determinations as
well as a high degree of efult deformation (Oskin et al., 2007; Shelef and Oskin,
2010; Spinler et al., 2010, Evans et al., 2016; Milliner et al., 2015). The ECSZ also
exhibits clustered rupture activity, with peaks of seismic activity in between quiescent

periods in the Holocene (Rockwell et al., 2000; Madden et al., 2006; Gane\26t.4).,
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What relationship multifault rupture behavior has with either the kinematic complexity or
clustered earthquake activity in the ECSZ is unknown, however, in part because of the
lack of constraints on pieistoricsurfacerupture patterns.

To furthe explore multifault ruptures and earthquake clustering in the ECSZ, we
investigate the Calico fault system, a suite of faults in the central ECSZ between the
Landers and Hector Mine ruptures (Figure 1b). We identify and map a suspected
multifault surfacerupture on the Calico and Hidalgo faults. We also investigate the
timing of this rupture with paleoseismology and relate the event to prior earthquake
activity in the ECSZ. Finally, we conduct Coulomb stress change modeling for different
rupture scenariogf the most recent event on the Calldimlalgo system to explore
potential links to ruptures on the neighboring Landers or Hector Mine systems. Based on
our observations and modeling results, we propose that multifault ruptures may be a
regular mode of opation for the ECSZ, rather than an isolated recent phenomenon.
However, these ruptures may not follow regular patterns or be easily related to observed

earthquake clustering.

Background

The ECSZ is a ~12Em-wide band of complex dextral shear that atitis near
the San Andreas and Pinto Mountain fault in the south and transitions into the Walker
Lane belt north of the Garlock fault. The number of primary faults isebégherreCSZ
increases towards the south from aixabout 34.7° latitudgHelendalel.enwood, Camp
Rock, Calico, Pisgah, Ludlow) to ~14 closely spaced (~10 km apart) faults near the Pinto

Mountain fault (Figure 1). Faults in the zone are generally nortrstridghg and right
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lateral, but surface traces are complex and display svalkgeometric complexities

and widespread transpression (Spotila and Garvue, 2021). The ECSZ has accommodated
a total of ~5075 km of dextral slip over the pasti-i® Ma (Dokka and Travis, 1990;

Glazner et al., 2002; Andrew and Walker, 2016). The implied-terrg net slip rate of

~10 mml/yr is comparable to current geodetic modeled slip rates ®8 Tdm/yr (Savage

et al., 1990; Miller et al., 2001; Spinler et al., 2010; McGill et al., 2015; Evans et al.,

2016). Geodetic rates are greater than the sum ofgjeally determined slip rates for
individual faults, however, which combine to
discrepancy may be due to-d#ult deformation, transient effects (e.g., pssismic

relaxation), or measurement uncertainty (Diedml., 2003; Oskin et al., 2007; Shelef

and Oskin 2010; Johnson, 2013; Herbert et al., 2014a,b; Chuang and Johnson, 2011;
Milliner et al., 2016). Most individual faults in the EC&#e interpreted asl mm/yr

geological slip rateduring the late Pleistocene based on paleoseismology and
geomorphologye.g., Hart et al.,1988; Rubin and Sieh, 1997; Rockwell et al., 2000;
Madden et al., 2006; Oskin et al., 2008; Xie et al., 2018).

The ECSZ has had three complex multifault ruptuenéyvin the last three
decades (Figure 1a). The 1992 M3 Landers earthquake was produced by a 70 km
long rupture zone (~85 km total surface rupture length) along the Johnson Valley,
Homestead Valley, Emerson, and Camp Rock faults (Sieh et al., 19@3ugtare
initiated in the south near the Pinto Mountain fault and propagated northwards
sequentially across the faults, crossing several complex stepovers (Spotila and Sieh,
1995; Zachariasen and Sieh, 1995). Dextral slip during the event was varialgl¢hao

faults and averaged several meters, but reached a maximum of ~6 m and was
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accompanied by significant efault deformation (Sieh et al., 1993; McGill and Rubin,
1999). The 1999 M7.1 Hector Mine earthquake occurred ~25 km to the west of the
Landersrupture and was produced by a 41-kig surfacerupture zone (~45 km total
surface rupture length). The rupture involved portions of the Lavic Lake, Pisgah, Bullion,
and Mesquite Lake faults and was similarly complex, including conjugate and
overlappingfaulting, off-fault deformation, and complex stepovers, with an average
dextral slip of ~2.63 m (Scientists from the U.S. Geological Survey, 2000; Treiman et
al., 2002; Hauksson et al., 2002). The 20149™1 Ridgecrest earthquake occurred ~120
km north d the Landers and Hector Mine ruptures on mainly unmapped feludtsmipson
Jobe et al., 2020}t was preceded by aJM6.4 foreshock on a ikm-long northeast

striking sinistral fault and continued as ~50 km of northveérsking dextralsurface

rupture duing the mainshock (Ross et al., 2019). Like the earlier E€&Bthquakeshis
rupture was complex and included stepovers, cross (conjugate) faulting, and a high
degree of offfault deformation (Milliner et al., 2015; 2021). Together, these three events
suwggest that complex, multifault ruptures may be a common behavior in the ECSZ.

The southern ECSZ appears to produce clustered earthquake activity, based on an
extensive paleoseismic record going back >20 ka. There are about twenty paleoseismic
sites in theMojave block, about half of which are located on faults that ruptured during
the Landers earthquake (Figure 1b). Clusters of paleoseismic events identified thus far
include the period of the present to ~1 ka (including Landers, Hector Mine, and
Ridgecrestarthquakes 5i 6, 8 10, and ~15 ka (Rockwell et al., 2000; Madden et al.,
2006; Ganev et al., 2010; McAuliffe et al., 2013). Data from Rockwell et al. (2000)

indicates that specific sequences of multifsulfaceruptures that comprise individual
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earthaquiake scenarios (e.g., the 1992 sequence) are not necessarily repeated, suggesting
episodic, spatialivariable strain release may depend more on the dynamics of specific
earthquakege.g., rupture propagation direction) than on the prior rupture history of
individual fault segments. Ganev et al. (2010) hypothesized that variable loading rate
may explain clustering, such that the modern seismic cluster may be related to a transient
increase in elastic strain rate that has been detected geodetically (elgr,&@l., 2010;
McGill et al., 2015; Evans et al., 2016). An additional component to this explanation may
be that clustered seismic activity and increased strain rate may oscillate (i.e., periods of
more activity and less activity) regionally betweka {a) ECSZ, Walker Lane, and

southern San Andreas fault and (b) the Mojave San Andreas fault, Garlock fault, and
structures of the Los Angeles Basin and Transverse Ranges (Dolan et al., 2007; Madugo
et al., 2012). Such a spatiotemporal evolution could betocally modifiedby the

dynamics of rupture or triggering due to static stress loading at rupture endpoints
(McAuliffe et al., 2013). However, existing data on the spatiotemporal evolution of
ruptures, including the specific rupture sequences orrpatté multifault ruptures of
individual events identified in the paleoseismic record, are too sparse to determine what
controls clustering or rupture dynamics within the ECSZ.

In this study, we focus on the Calico fault system, which lies midway betieen
historical Landers and Hector Mine ruptures and includes the Hidalgo fault (also known
as the Surprise Springs fault; Londquist and Martin, 1991) and Mesquite Lake fault
(Figure 1b). The Calico fault system connects with the Blackwater fault in ttretoor
form the longest (>140 km) and most continuous fault of the Mojave ECSZ (Oskin et al.,

2007). The Calico fault system also exhibits the greatest net slip in the southern ECSZ.
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Unlike most ECSZ faults, which exhibit ~1 km or less dextral offset, lipedis the

Calico fault is 89.8 km and net slip on the Hidalgo fault may be as high as 20 km

(Dokka and Travis, 1990; Glazner et al., 2000; Jachens et al., 2002; Andrew and Walker,
2016). The central Calico fault in the northern Rodman Mountains (Figlr@sb has

the highest geologically determined slip rates in the southern ECSZ 8t 1Li@m/yr

(Oskin et al., 2007; 2008; Xie et al., 2018). Geodetically estimated slip rates for the fault
are higher, ranging up ta 81 mm/yr (Evans et al., 2016; McGdt al., 2015)although

these are poorly constrained modeled rates due to the difficulty of discriminating the
loading rate of an individual strand where faults are closely sp@ibede estimates

suggest the Calico fault system may accommodate a magtiofraf the southern

ECSZ's displacement budget. The Calico fault exhibits a strong geologic and geomorphic
expression (Dibblee, 1964; 1966; 1967a/b) and has experienced at least four Holocene
surfaceruptures based on one paleoseismic site near the Ksgveuntains (Ganev et

al., 2010; Figure 1b). The kinematic rupture behavior of the fault system is
unconstrained, however, and it is unknown whether the Calico and Hidalgo faults rupture
jointly in complex events or whether they rupture in concert weighboring faults, such

as the Mesquite Lake or Pisgah faults (Figure 1b). In this study, we focus on the southern
Calico fault system, 70 km of which lies within a limitadcess military installation

(Marine Corps Air Ground Combat Center [MCAGCC] at hiymine Palms, CA)

(Figure 1b) and has thus received limited previous investigation.
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Methods

We mapped continuous geomorphic evidencendadrecient surface rupture
(paleorupturgon the CaliceHidalgo fault consisting primarily of lineaments and
neotetonic features cutting young geomorphic surfaBesnicontinuous lighicolored
lineaments on alluvial and colluvial surfaces were mapped at ~1:500 using Google Earth
satellite imagery (Figures 2, 3)he resolution of this imagery is detailed enough to
identify and map features as small as single tire tracks and individual ~1 m diameter
boulders and shrubs. Viewing the imagery draped on topography in 3D greatly facilitated
the identification of fault features. Mapping was locally supplemented using high
resolution topography from Structui®m-Motion (SfM) photogrammetric analysis of
aerial imagery from a small consumer drone (DJI Mavic Pro; Figure 4). Although
airborne lidar is not available for the study area, we did @besk all mapping using the
2-m resolution EarthDEM dataset (Porter et al., 2002,
https://www.pgc.umn.edu/data/earthdem). In general, the higher resolution Google Earth
satellite imagery, along with the color and textural information, was more valuable for
mapping the paleorupture iomparison to the DEM data.

We groundtruthed mapped lineaments in the field along the majority of the
paleorupture (Figure 2features identified in the field include narrow zonesi(Drh
wide) of ground disturbance (e.g., disarticulated cohesive s&@ig)ps on alluvial and
colluvial surfaces, shutter ridges, benches, degraded mole tracks, and offset or deflected
streams (Figures 5, Bppendix B, Part B). The occurrence of faulting beneath mapped
lineaments was locally confirmed by fresh fault gounggully exposures along the

lineaments (Figure 3a)Ve generally noted a high degree of accuracy in our satellite
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imagerybased map of the paleorupture during field examination. Narrow erosional
gullies and streams were easily distinguished from faultasgd on their downhill paths,
whereas the paleorupture generally runs along ridge contours or breaks in slope and cuts
across gullies. The paleorupture is also distinct from vehicle tracks, given that nearly all
vehicle paths within the MCAGCC are froarge, duatracked military vehicles (i.e., no
motorbike trails). Recent faulting is also easily distinguished from footpaths related to
military training or earlier (possibly prehistoric) human activity. Footpaths consist of
narrow troughs (~20 cm wide)itl firm, smooth surfaces due to repeated traffic and
manual removal of obstructions (Figure S1) and tend to cluster near locations of human
interest (e.q., tactical vantage points). Footpaths also follow microtopography by
contouring in and out of gulliefollowing ridgelines, avoiding steep talus slopes, and
curving around obstructions such as boulders or shrubs. In contrast, the paleorupture
follows preexisting mapped fault traces straight across alluvial and colluvial surfaces as
if cut by a verticafault plane.The paleorupture trace also cuts across steep gullies and
talus slopes where fqmiths would be impracticals a result, we have a high degree of
confidence in our map of the paleorupture extent, at least where geomorphic surfaces
provided god preservatiorOffset features along the mapped paleorupture were
measured between piercing points primarily in the field using a tape measure.
Paleoseismic investigations were conducted at a single location along the
paleorupture of the Hidalgo faulhdhe southwest flank of Hidalgo Mountain (Figure 2).
We hand excavated two shallow fap#rpendicular trenches-@-long T1 on the east
and 10m-long T2 on the west) in a small depositional zone formed by an dadiitig

scarp in October 2019 and Janua020 (Figures 7, 8). The trenches are separated by a 3
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m intervening zone of bouldeich deposits that prevented the excavation of a single
continuous trench. The trenches are located along a stretch of the paleorupture that is
geomorphically sharp angbung in appearance (see below). Trench walls were cleaned,
gridded by hand, and photographed. We constructed orthorectified photomosaics from
the trench photographs using the Strucfooen-Motion photogrammetric software

Agisoft Metashape following therpcedure of Bemis et al. (2014). Trench stratigraphy
and structure were mapped onto the photomosaic logs (Figure 8). We collected 8
sediment samples for luminescence dating (Table 1) from the sequence of units
constraining paleoearthquake timing. Samplesawcollected with 1i®-inch diameter

steel and PVC tubes that were driven into the trench wall using standard field collection
procedures (additional methods provided\ppenxix B,Part C).Ages were measured on
aliquots of both quarts (optically stinatéd luminescendeOSL) and feldspar (infrared
stimulated luminescendelRSL). These samples provide the only age control of the
paleorupture, given that no charcoal or other datable material was observed in trench

exposures.

Results

Paleorupturé®bservations

We found mappable geomorphic evidence of paleorupture along a contindous 18
km-long zone of the Calico and Hidalgo faults (Figure 2). The paleorupture is expressed
as a semcontinuous network of anastomosing thin, ligbtored lineamentsra surface
disruption that follows the originally mapped fault traces (Figur&\@) groundtruthed

58% of thissurfacerupture trace in the field (indicated bgd and salmotraces in Figure
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2), whereas the remainder was mapped only using satellitenydge to difficulty of
access (indicated byellow and whiteraces in Figure 2Red and yellow tracaadicate
where the paleorupture is well defined by evidence (44% of mapped traces), whereas
salmon and white trac@sdicate where theurfaceruptureis difficult to identify (e.g., on
steep, rubbly surfaces) and therefore inferred. The paleorupture is most clearly defined on
the Calico fault along the east flank of Middle Hidalgo Mountain and the Hidalgo fault
along the west flank of Hidalgo Mountainhis less well constrained along the Calico
fault on the northeast flank of Hidalgo Mountain and on an east branching strand of the
Calico fault on North Hidalgo Mountain (indicated by blue traces in Figure 2). The
surfacerupture trace in those areagliscontinuous and less clear, either due to poorer
preservation, smaller displacement, or because it was produced by a separate, i.e., earlier,
rupture event.

The position of the northern and southern limits of the mapped paleorupture likely
do not reflet the fullsurfacerupture length, due to limited preservation of ephemeral
fault features. The paleorupture becomes indistinct in the north along North Hidalgo
Mountain, where piedmont surfaces are sandy and loose dugbibzedsand froman
older folded Quaternary alluvium that comprgie ridge to the east (Dibblee, 1966).
The paleorupture disappears south of Hidalgo Mountain, where the basin alluvium of the
lowlands is similarly sandy and loose due to significant aeolian sand content derived
from westerly prevailing winds. The paleorupture is similarly not mappable across areas
with aeolian sand p o ¢ khattoccur locally along the west flank of Hidalgo Mountain.
In contrast, the paleorupture is best preserved in dissected piedmont alluviassarfac

gently dipping colluvial slope deposits, which are less geomorphically active, older, and

55



thus contain more cohesive and resistant soils and pavement. Given that the northern and
southern limits of the mapped paleorupture may reflect preservatisplausible that
thesurfacerupture originally continued farther in both directions.

An important feature of the mapped paleorupture is the apparent recency of the
fault features. Mapped lineaments on satellite images appear like those along the histo
surface ruptures of the 1992 Landers and 1999 Hector Mine earthquakes (Figure 3b). The
rupture traces from these histoearthquakefollow a similar pattern of good
preservation in cohesive older geomorphic surfaces and poor preservation in sandy bas
alluvium, even though these events occurred only a few decades ago. Field observations
of the mapped paleorupture are also indicative of recent faulting. The paleorupture is
comprised of a 0i18. m wide zone of loose surficial deposits, in which desarement
on alluvial or colluvial surfaces has been disarticulated (Figure 5d). The disrupted ground
is broken and softer than adjacent surfaces and is commonly recognizable by a subtle
break in slope (Figures 4, 5f). Locally, the surficial deformation mnwarked by the
redeposition of fines that foster vegetation growth. The fault zone is also locally
reminiscent of a degraded mole track (Figure 5d). Many of the sharp features indicative
of fault offset, such as small shutter ridges, are also manifesfti erodible colluvium or
fault gouge, suggesting a minimal duration of time since formation. The preservation of
the zone of disruption is particularly noteworthy, given that vertical separation is
generally absent along most of the paleorupture. Al$edt scarp (0.51 m high)
occurs only locally on the northern Hidalgo fault and exhibits a gentle, convex
morphology due to the coarse, roohesive, young deposits it occurs in. The

paleorupture trace is also lost in active washes that presumabfiacesat the decadal
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timescaleWe found geomorphic evidence for the freshness of the paleorupture to be
prevalent along the entire 18 km mapped trace and did not observe a systematic change in
character along it, except for traces mapped in blue in FijuBased on the continuity
and apparent degree of preservation of recent faulting, we interpret the mapped feature to
be the most recent surface rupture along this portion of the fault system, produced by a
single, recent rupture event.

Observed displaceents along the paleorupture are almost exclusively dextral
strike-slip (Figure 6).The mapped trace of the surface rupture defines a straight (or
nearly straight) line across the ridges, channels, and ephemeral gullies, indicating a near
vertical dip Theresponsible fault is also near vertical in exposures (Figure 3a), consistent
with a predominantly strikslip fault. We measured 37 rigltsteral offsets with minimal
vertical displacement (Table 2ppendix B,Part B). Offset features included ephemeral
gullies, shutter ridges in colluvium, spur ridges, detrisflow lobe deposits (Figure 6).
Right-lateral offsets are as small as 0.74®.But are typically ~3 m (Table 2). Larger
offsets are also present, which are likely cumulative from mukigtbquakegiven
their magnitude and rounder, degraded morphology. We also observed numerous offsets
>10 m, but do not include them in Table 1, as they likely represent multiple events and
longer duration of slipErrors were assigned to each measurementlmaséheevaluated
precision of our piercing points given the geomorphic expression and degradation of
offset features in the field (e.g., sloughed risers channel bank erosion, coarseness of
substratg) whi ch we esti mate t oe2).dhperdistibetiontof 20 wunce
dextral slip along the paleorupture is plotted in Figure 9, which excludes offsets >6 m

(given that this exceeds expectations for slip magnitude based on historical ruptures in
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the ECSZ) and sums offsets that occur across pametlapping fault strands. We
constructed a cumulative offset probability distribution (COPD) from summed triangular
probability distributions calculated from the minimum, maximum, and preferred
measurements of each offset (Figure 9). The largest petfle @OPD is ~2.3 m of right

lateral offset, which we adopt as the best estimate of the average slip for the mapped
extent of the paleorupture. Other peaks at 6 and 9 m right lateral offset may represent
multiple slip events, given that they are at thearpgimit of observed slip in historical

ECSZ rupture (Sieh et al., 1993; Scientists from the USGS, 2000; Madden et al., 2013).
The tkm-running average of 2.45+0.6 m in offsets < 6 m (n=31, 7 of which are grouped
into one sukaveragebecause they are cldgespaced on occur on overlapping fault

strand$ across the mapped paleorupture matches closely with the largest COPD peak and
exhibits a typical variation for displacement along a stsilke rupture for historic
earthquakegMcGill and Rubin, 1999; Goldt al., 2013; Figure 9). This observation

supports and strengthens the interpretation that the mapped features were produced as a

single continuousurfacerupture along the combined Caliebdalgo faults.

Paleoseismic Observations

The paleoseismic trenches on the Hidalgo fault on the west flank of Hidalgo
Mountain span the depositional zone of a partialbsed, 26m-wide trough formed by
an uphilkacing fault scarp (Figure 7). This trough contains two parallel fault strands, one
of which forms the western trough margin and one that occurs near the trough midline.
Trench T1 (4 mlong, 1.5 m deep) spans the eastern portion of the trough and terminates

on the west in the footwall of the fault strand (F1) that runs along the trowljheni
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(Figures 7, 8aAppendix B Figure SR Trench T2 (10 m long, 0i8.5 m deep) occupies
the western portion of the trough and terminates on the west in the footwall of the
western fault strand (F2) (Figures 7, 8ippendix B Figures2). The 3m-long s@n
between the trenches consists of a structural high of dense, boakdeolluvium that
was too difficult to excavate by hanfigpendix BFigure S2). The structural high also
divides source areas for the eastern and western portions of the troughistiittt
stratigraphic sequences exposed in the trenches on either side that cannot be directly
correlated. The irregular depth of both trenches results from the occurrence of cobble and
boulderrich colluvium beneath the fingrained units of the troughat were too
difficult to excavate.

Both trenches expose sequences of-defined finegrained deposits and
interbedded cobbly units that were deposited in the trough. Thgrareed deposits
were likely transported as sheetwash or deposited inistanater in the trough,
possibly combined with aeolian deposition. Cobbly units are interpreted as hillslope
colluvium mixed with talus and rockfall from the slope above to the east. Trench T1
contains a sequence of wsthrted finegrained sand depositsnits T:100, T:150, Tt
200, T:300, T2400) with two interbedded, poorborted, clasto-matrix supported
cobble layers (T-250, T:350; Table 3; Figure 8a). The upper cobble layerZ5Q)
exhibits a wedgshaped geometry and thickens upslope to &éisé 8oth cobble layers
are disrupted by faulting (F1) on the west. The-fyn@ned units generally thicken
towards the center of the trench and are juxtaposed against the coarse colluvialunit (T1
C1) of the footwall by faulting (F1). In particular, -PD0 thickens toward the middle of

the trench, corresponding with where the base of the unit has beerddupped across
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several faults. Thin dashed lines in Figure 8a illustrate examples of intact blocks of T1

200 sediment that have been tilted and defdradjacent to the F1 fault zorlhe

footwall unit (T2C1) consists of poortgorted, matrixsupported, angular cobble

colluvium with minor isolated lenses of fingrained deposits. Trench T2 consists of

horizontallybedded finegrained sediments drapedes a gently westlipping cobble

boulder deposit (T-£1) (Table 3; Figure 8bYhe fine units are massive with limited

internal stratigraphy and are differentiated by proportions of fmeoarsegrained sand

and are separated by sharp basal contacesuppermost unit (F200) is thickest above

the western fault strand (F2) and pinches out ~4 m to the east. U2@t0lihes eastward

from coarse sand and gravel adjacent to fault F2 on the west to medium sand in the east.

Units T2200 and T2300 are cuby faulting on the west (F2), which juxtaposes the

depositional trough against coarse, poadyted, angular colluvium (F22). Fault zone

F1 intrench T1 is ~1i%2 m wide and primarily steeply dipping to the east, but includes

several antithetic dippinfaults. Fault zone F2 in trench T2 is narrower (~0.5 m) and

similarly dips steeply to the east. Faults were defined mainly by disrupted contacts, but

locally exhibit aligned clasts in coarse units or narrow, friable bands in sandier units.
We interpret oa identifiable faulting event in trench T1 (Event 1A) as occurring

between the deposition of units-I50 and T1200 (Figure 8a). Layers 7100 and T1

150 both appear undeformed across fault zone F1. Urib0lcoarsens westward from

fine- to mediumgrained sand in the center of the exposure to coarser material above the

fault zone, suggesting it includes reworked footwall material and is adedaved

colluvial wedge. Unit T4200 is internally deformed into blocks and thickens into the

fault zone Although most individual fault splays cannot be traced continuously up
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through T1200,we interpret its thickness change to result from an earthquake when T1
200 was at the surface and vertical displacement created a depozone that preserved
deformed blockef T1-200 beneath posgtarthquake colluviunithe primary eastlipping
splay in fault zone F1 clearly truneatand deforms T-200 and cannot be traced above
the basal contact of F150. The basal contact of D0 is faulted in numerous places,
with 51 20 cm vertical offsets along wesdipping, antithetic fault splays. These faults
similarly cut all layers below 200 and are truncated against the coarse colluvium unit
(T1-C1).

Two faulting events can be interpreted from Trench T2 (Figure 8b). We irtterpre
Event 1B as occurring between units-2@0 and T21L00, the latter of which appears
undeformed atop and across the fault zone (F2). UnitOIRis loosely consolidated,
thickest and coarsest near the fault zone, and pinches out towards the east, guggestin
may have been derived as colluvium from reworked fault scarp material. UBQOT3
truncated by closetgpaced fault splays that terminate at or just below the sharp contact
with T2-100, which juxtapose F200 against the coarse, poesgrted, anglar
colluvium of the footwall (T2C2). Unit T2200 is more cohesive than-IBD0 and may
have formed a prolonged depositional surface before the faulting event. The contact
between T2L00 and T2C2 is more difficult to define west of the fault zone, duth®
limited remobilization of T2C2 deposits to form F200 and the resulting similarity in
the appearance of the units. However, this portion efdRis less cohesive and contains
a higher proportion of matrix than I@22. Although the temporal relatiship between

Events 1A and 1B in T1 and T2 are not directly constrained, we tentatively interpret these
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to be the same event given the similar characteristics of the overlapping sediment (T1
100/T1150 and T2100).

We interpret a possible second evertréamch T2, Event 2, as occurring between
units T2200 and T2300 (Figure 8b). Unit T2200 exhibits similar characteristics to-T1
100 as a potential scaderived sediment, in that it thins and fines eastward away from
the fault zone (F2) and has an edigiping upper contact that is like the modern scarp
profile; however, the thickness of the unit across the trench indicates a significant
contribution of sediment transported along the axis of the trough (Figure 7). We
tentatively interpret that unit FT200was deposited before Event 2. Unit-3@0 is welt
sorted fine to mediumgrained sand and does not thin or fine away from the fault zone
(F2). Unit T2300 also exhibédsubtle blocky soil structures near the top (e.g., at meter
14; Figure 8bwhen examiné closely in the fieldhat imply it was a relatively stable
ground surface for a protracted duration before deposition of the coarser sediment of T2
200. Finally, the upper contact of -BD0 exhibits a slight kink or fold at meter 16.2
(particularly evidat on the north trench wall at meter 15.7; Figure 8b) that is not present
at the top of T200, suggesting F300 was deformed before deposition of2W). We
thus interpret that unit F300 was deposited in the trough formed by a prior event and
then defomed by Events 1B and 2, whereas unitZll® was offset by only Event 1B.

Age control for the stratigraphy of the trenches is provided by 8 luminescence
ages (Table 1, Figure 8). Two samples froraZDD provide identical feldspar IRSL ages
of 1.7+0.1 kaA third sample from T2200 was dated using both feldspar IRSL and
quartz OSL and provides similar, but slightly younger (1.3£0.1 ka) and older (1.9+£0.1 ka)

ages, respectively. One of the 1.7 ka samples, T101, is from a coherent block with well
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defined predeformation stratigraphy within unit T200. The consistency of this age with
sample T102 from reworked sediments between blocks higher in this unit suggests
redeposition occurred rapidly without exposure, or that the deformation occurred very
soon afterlie deposition of the sample T101 sediments. A luminescence age for layer
T1-150 above is slightly older (2.4+0.2 ka). We interpret thisadtgequence age to

result from reworked scaigerived sediment that was partially or very poorly bleached,
based orthe distribution of singlgrain D= measurements for this luminescence sample
and the true age is not a large enough component of the distribution to be captured by the
mixing model (e.g., Rhodes, 2011; Mahan et al., 2022; Supplemental Information Part C;
Table 1). Event 1A should pedate the ~1.7 ka depositional age ofZU0. Given that

the age for T4150 is questionable, there is no upper age bracket for Event 1A. Ages from
trench T2 do follow stratigraphic order, with one age fron802 of 6.6+0.4 kahat

would predate Event 2An ageof 5.5+0.3 karom the base of T-200 provides a

minimum age for Event 2. An age 28+0.2 karom the top of T2200 provides a

maximum age for Event 1B. The minimum age of Event 1B is the age-d0.2Sample
T203 from layer T2200 yielded a quartz age of 0.5+£0.1 ka and a feldspar age+®. 0.9

ka. We prefer the feldspar age of 801 kabased on the single peak in the distribution

of singlegrain Dt (AverageEquivalentDose; Table 1) measurements, as opposed to the
broad, multipeaked distribution of singlgrain D= measurements on quartz grains
(Appendix B, Part C)If Event 1B is correlative to Event 1A, the younger ages fer T1

200 (~1.7 ka) narrows the timeframe of the nsugfacerecent rupture. Given that the
trenches cross the mapped paleorupture, luminescence ages imply a likely age for the

most recent multifaulsurfacerupture of the Calicddidalgo fault as @i 1.7+0.1 ka.
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Discussion

The scope of the paleorupture

We have identified 18 km of youthfalppeaing surface rupture on the Calico
Hidalgo faults that likely occurred in the late Holocene $+0.7 ka) and involved ~2.3
m average dextral slip. This rupture occurred midway between the location of the 1992
Landers and 1999 Hector Mine surface ruptared may have haal similarlength (see
below). Although this event preceded these historical ruptures by one to two thousand
years, the timing of the Caliddidalgo paleorupture fits within the age range of the most
recent earthquake cluster in the ECSiégent to 1 ka; Rockwell et al., 2000) (Figure
10). We have also identified a possible older event on the Hidalgo fault of unknown slip
or rupture dimensions, which overlaps in age (F2.8 ka) with the penultimate
earthquake cluster (+b ka; Rockwell etl., 2000). These events on the Calico fault are
thus consistent with previous observations of clustered activity in the ECSZ (Rockwell et
al., 2000; Madden et al., 2006; Ganev et al., 2010; McAuliffe et al., 2013).

The actual length of the most receatgorupture on the Caliddidalgo fault was
likely larger than the 18 km extent of faulting we have been able to map using preserved
geomorphic features. Based on the average measured slip of 2.3 m and using empirical
scaling relationships faverageearhquake slip and rupture length, the true rupture
length for this event may have beer2+83km, which would correspond to aJWM
~7.4t0.1 earthquake (Wells and Coppersmith, 1994). The empirical relationships from
Wesnousky (2008) predict even longer rupterggths of ~100 km (lotjnear

relationship) and ~130 km (powkaw relationship). These estimates are speculative,
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given that they are based on an observed mean displacement that is representative of only
a fraction of the total possible original ruptleeagth.If the peak observed displacement

of 2.3 m is representative of maximum offset instead of the average, the resulting
estimates of rupture length and size for the event are 537 kmand.M0.1 (Wells

and Coppersmith, 1994%caling laws maylsobe of limited use for comparison to
immature fault systems like the ECSZ, where proportionally more of the deformation
may be accommodated as-&dfilt deformatiorthat is not accounted for in our
measurements of offset along the paleorupiBhrelef anddskin, 2008Milliner et al.,

2015, 2021). The Hector Mine rupture may provide a useful comparison, however. This
rupture exhibitec similar mean slip (2183 m) yet has a mappeadrfacerupture length

of 45 km (Treiman et al., 2002). Based on this conspariit seems likely that the actual
surfacerupture on the Calictlidalgo fault was greater than the-&® length of the

mapped paleorupture zone. Most of the surficial evidence for the original paleorupture
may have been erased by erosion.

If the CaliceHidalgosurfacerupture did extend significantly beyond the mapped
extent of the paleorupture, it may correlate and connect to surface ruptures that have been
identified via paleoseismology to either the north or south. Ganev et al. (2010) found
evidencdor four Holoceneearthquake$0.6/ 2.0, 5.05.6, 5.6 6.1/7.3, and 6.1/718.4
ka) on the northern Calico fault near the Newberry Mountains, which lies ~42 km north
of the northern terminus of our mapped paleorupture (Figure 1b). The youngest of these
evens overlaps in age with the age of Event 1 from our tren@ X ka), suggesting
the mapped paleorupture may have been the same event identified on the northern Calico

fault. If correct, this interpretation of a single large event implies the minigwfiace
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rupture length of this event was closeotaeven longer than60 km (i.e., 18 km
paleorupture length plus at least 42 km faulting along the span between sites). This large
length is consistent scaling relationships and mean offsets observed apsyatong an
8 km stretch of the Calico fault to the north (Ganev et al., 2010), which peakaiPm0
for the most recent event (i.e., similar to the average slip of 2.3 m for our mapped
paleorupture) and 4t2.0 m for the penultimate event (which auépresent two
closelyspaced events). Combining offsets from the southern and northern paleoruptures
(Ganev et al., 2010) yields a normal distribution that peaks at ~2.2 m (Figure 9c). The
geomorphic expression of the scarps along the northern Calitwifable on satellite
images in Google Earth satellite images and available lidar are also comparable to those
along the southern Caliddidalgo paleorupture, in that both appear as continuous,
narrow zones of surface disturbance and a-gidred, shig lineament Appendix B
Figure SI). We, therefore, conclude that it is possible that these were thesadiaee
rupture event. We caution that this correlatiobhased mainly on average displacement
and general appearance of the surface rupasevery given that the age control in
eitherboth locationseliesimprecise luminescence agegh wide age uncertaintigbat
alone permit separate or sequential earthqu@kasev et al., 2010).

The CaliceHidalgosurfacerupture possibly continued southtbe mapped
extent of the paleorupture (Figure 1b). In contrast to the single trace of the Calico fault to
the north, several faults extend southwards from our study site in the Calico fault system.
The Hidalgo fault continues south with evidence for astéate Pleistocene activity, but
does not have a wetllefined surface trace due to the sandy character of young alluvial

surfaces south of Hidalgo Mountain (Figure 2). If the paleorupture continued farther
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south on the Hidalgo fault, it would likely nbaive been preserved by recognizable
features. The Mesquite Lake fault also extends southwards from the Calico fault, which
itself bifurcates into several strands and zones of Quaternary folding south of Hidalgo
Mountain (Dibblee et al, 1967a, 1967b). Poera paleoseismic studies have identified
Holocene ruptures on the Mesquite Lake fault. Foster (1992) found evidence for at least
oneearthquaken the last 1.3 ka, which supported bynore recent investigations by
Menges et al. (2022hat found evidenctor an event at ~1.3 ka on the Mesquite Lake
fault and fits with the age range for the paleorupture on the CHlidalgo fault. Madden
et al. (2006) identified three Holocene events on the Mesquite Lake fault, the youngest of
which is constrained as beten 2.77.4 ka (more likely within the 3i9.6 ka range), but
did not identify the younger event of Foster (1982)iMenges et al. (2022). The average
slip during these events was ~1264 m, which based on scaling relationships suggests a
surfacerupturelength longer than the Mesquite Lake fault itself and thus suggests a
multifault rupture (Madden et al., 2006). Connecting the yaumtacerupture on the full
length of the Mesquite Lake fault to the paleorupture of the Galidalgo fault adds at
leag 40 km of surface rupture, implying a minimwurfacerupture length of 58 knif
the rupture terminated just north of Hidalgo Mountain

There are thus several likely scenarios for multifault ruptures on the Calico fault
system associated with the mappeadeorupture at Oi 1.7 ka. Thesurfacerupture may
have continued to the north (60 km rupture length, Calico and Hidalgo faults only) or the
south (58 km rupture length, Calico, Hidalgo, and Mesquite Lake faults), both scenarios
of which are comparable Iength to the 1999 Hector Mine and 1992 Landers surface

ruptures (45 and 85 km length, respectively). Alternatively, the paleorupture could have
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continued in both directions for a rupture length of ~100 km, which is comparable to the
length predicted fronempirical scaling relationships with the observed 2.3 m mean slip
(but inconsistent with a comparison of slgglength ratio in the Landers and Hector

Mine earthquakes Although other scenarios are plausible, we infer that @iel(¥. ka
paleorupture walonger tharthe trace we mappeahd involved at least two or three

major faultsIf this inference is correcthe event was consistent withe length and
multi-fault the character of historic surface ruptures and the observed paleoseismic
earthquake cistering in the ECSZ, and is thus another example of a complex, multifault

rupture in this system.

Relationship to neighboring ruptures

Ruptures along the southern Calico fault system may affect or be influenced by
ruptures on the sequence of faults oesible for the 1992 Landers and 1999 Hector
Mine earthquakes, given their closeness (Figure 1b). A rupture on the Calico fault may
induce static stress changes that could bring Landers and Hector Mine faults closer to
failure. Alternatively, a recent rupte could prevent the Calico fault system from
experiencing a triggered rupture due to stresses induced by the Landers or Hector Mine
earthquakesby relieving tectonic strain and resetting the seismic cycle. To examine these
possibilities, we conducted Coulomb Failure
different possible scenarios @fCalico-Hidalgo rupture. This approach has been widely
appliedto testing how individual earthquakes may trigger future events or control

coseismic slip distributions on neighboring faults (e.g., King et al., 1994; Harris and
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Simpson, 1996; Stein et al., 1997; King and Cocco, 2001; Cianetti et al., 2002; Doeser
and Rdinson, 2002; McAuliffe et al., 2013).

We used Coulomb 3.4 to model Coulomb stress changes (Lin and Stein, 2004;
Toda et al., 2005) for five different rupture scenarios on the CHlidalgo-Mesquite
Lake faults (AE, Appendix BFigure %). These scenars vary from the pattern of the
mapped paleoruptuseith slight variations in sligl8-km-long, ScenarisA and B,
Appendix B Figure Sk to a midrange scenario in which the mapped paleorupture
continues to the north along the Calico fault-k®3-long, Senario C, Appendix B
Figure S5)to a maximum rupture length of 8 112 km involvingcontinuation of
rupture to the north and to the south on either side of the Hidalgo or -Gédeguite lake
fault (Scenarig D and E, Appendix B Figure $5r Mesquite lake faults (Scenario E).
We consider Scenarios A and B to be unlikely, given that the surface rupture length is
much smaller than predicted by scaling relationships from the observed slip. We
likelwise consider Scenarios C and E to be less likely thanaBodd (the preferred
scenario), givethatthe strong geomorphic expression of the seutldidalgo fault
makes it probably that the surface rupture continued southwards and because the rupture
length of Scenario D fits closely with the prediction frora fitaling relationship from
the mean displacement. We modeladlescenariowith a range of coefficients of internal
friction (0.2, 0.4, and 0.6) andodeled $enarioD and E (the most likely scenarios)
with variable fault depth (10 and 18 km) and falift 2.3 and 5 m), resulting in a total
of 36 scenariosAppendix B, Figure S6 The variations of internal friction and fault
depth cover the typical range of values used in previous Coulomb stress change models

of the ECSZ (e.g., King et al., 1994, Pars@and Dregger, 2000; Freed and Lin, 2002;
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Toda et al., 2005)'he effect of these Coulomb stress change scenarios on the Landers
and Hector Mine faults was assessed by inputting their historic ruptures as receiver faults
with geometries derived from fimitfault rupture models (Cohee and Beroza, 1994, Ji et
al., 2002).
Each rupture scenario we tested for the Caliedt-system results in stress
shadows, or clamping (i.e., negative @CFF),
ruptures (e.g., ScenarioD t he f avored interpretation, Fi gl
which indicates unclamping and the promotion of fault failure, occurs primarily at the
endpoints of the ruptures in each scenario, which do not overlap the ruptures or
hypocenters of the latistoricearthquakesA small, local positive Coulomb stress
change at the Landers hypocenter was produced only in specific variations of Scenario D,
while scenarios A and B produce minor positi
(Appendix B, Figure S Local positiveqp C Fdiso occurs along the trace of the
simulated Calicdault system rupture itself, primarily at minor bends or stepovers in the
rupture trace (Figure 11A1 | scenari os al so reswslipt i n nega
portions of each hieric surfacerupture, such as along the Emerson fault for Landers
earthquakend the Lavic Lake fault for Hector Miarthquaké€Sieh et al., 1993;
Treiman et al., 2002Appendix BFigure $). These results indicate that static stress
induced by a rupterof the Calico fault system is unlikely to bring either the Landers or
Hector Mine faults closer to failure. Note that the long delay between the Calico
paleorupture (@i 1.7 ka) and the historic events similarly implies the latter were not
induced, givet hat triggering via ®CFF generally occ

decades (Scholz, 2010). The apparent stress shadow induced by the Calico paleorupture
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may have instead suppressed the Landers and Hector Mine ruptures and resulted in a
delay in the hiwric events (e.g., Harris and Simpson, 1998).

The alternative possibility, that the paleorupture prevented a triggered rupture on
the Calico fault system following the Landeéfgctor Mine sequence, seems more
plausible. Previous studies have shown thatLanders rupture may have triggered the
Hector Mine rupture and similarly could have brought portions of the Calico fault closer
to failure (Harris and Simpson, 2002). Original calculations from King et al. (1994)
showed that posi the epieentrgd@reRighslp araarof tleeddeciom  t
Mine rupture as well as along patches of the Calico fault, including its northern segment.
Some of these fault segments also experienced induced aftershock clusters following the
1992 earthquake (Hauksson kf 4993). Parsons and Dreger (2000) similarly showed
that Landers brought the Hector Mine faults and patches of the Calico fault locally closer
to failure via static stress change, but only for certain scenarios of slip distribnttbe
Landers rupturand assumed coefficient of friction on receiver faults. These scenarios
are likely to be correct, however, given that seismicity rates increased in the predicted
areas of positive @CFF (Wyss and Wei mer,
also addd to the original triggering effect of Landers and help explain why there was
such a long delay (7 years) before the Hector Memthquakeincluding continued
tectonic loading, dissipation of pore fluid pressure gradients,aatestatedependent
friction effects, posseismic viscoelastic relaxation, and dynamic alteration of fault zone
rigidity (Deng et al., 1998; Pollitz et al., 2000; Parsons and Dreger, 2000; Freed and Lin,
2001; Pollitz and Sacks, 2002; Fialko et al., 2002; Freed and Lin, 20@2etkal., 2002).

Given that viscoelastic relaxation is greatest directly adjacent to a rupture, this effect may
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have been greater on the Calico fault (Pollitz and Sacks, 2002). In turn, viscoelastic
loading due to Hector Mine would have further stressedCidlico fault (Freed and Lin,

2002). It thus seems likely that the Landers and Hector Mine ruptures would have at least
locally increased the likelihood of rupture of the Calico fault system. However, the most
recent event (91 1.7 ka) seems to haypeevented the Calico fault system from being
critically loaded(i.e., near failureyvith elasticstrain (e.g., Pollitz and Sacks, 2002;

Scholz, 2010; McAuliffe et al., 2013).

Il n summary, this analysis of @CFF suggest
fault system did not bring the Landers and Hector Mine faults closer to failure, but rather
may have delayed their historic rupture and taye precluded the need for a triggered
rupture on the Calico fault following the Landers and Hector Mine earthquBtiss
analysis is limited, however, in that it does not consider rheological variations, the
influence of other prehistoric ruptures on the state of stress, e.g., such as along the Pinto
Mountain fault, or the effect of viscoelastic relaxation from thicGaaleorupture on
the Landers and Hector Mine faults. The analysis is also based on only partial data, in
that we do not know the full rupture length or slip distribution of the most recent event on
the Calico fault system. A more thorough analysis beyarranted as new paleoseismic

observations become available.

Implications

Our results suggest that the Calico fault system had already experienced a major,
multifault rupture in the moderto late Holocenearthquake cluster before the historic
Landers and Hector MingarthquakegFigure 10). Identification of a paleorupture

surface trace along the southern Calico and Hidalgo faults implies that the most recent
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event identified on the Calico fault to thertioby Ganev et al. (2010) was likely a large
surfacerupture that involved numerous faults and may have spanned the entire length of
the fault system between the subsequent Landers and HectosiMiaeeruptures. This

finding contradicts several predms that the Calico fault system might instead fail in

more frequent but smaller rupture patcHes.examplelt e pat chi ness of posi

induced along the Calico fault system by the Landers and Hector Mine ruptures might
have indicated that rupturatong the Calico fault would be more localized, e.g., northern
segment (King et al., 1994; Parsons and Dreger, 2000; Wyss and Weimer, 2000; Freed
and Lin, 2002; Harris and Simpson, 2002 alico fault ruptures were to follow or be
induced by Landers dtector Mine ruptured_angenheim and Jachens (2002) similarly
suggested that the Calico fault may experience smaller, more localized ruptures due to the
occurrence of a strong lithologic body through much of the seismogenic crust in the
region between thEmerson and Calico faults. This feature, known as the Emerson Lake
Body, has been detected using gravity and aeromagnetic data and is thought to be a
strong, mafic or intermediate pluton that could impede faulting (Langenheim and
Jachens, 2002pDur data nstead suggest that the Calico fault system can behave much
like other faults in the ECSZ, by failing in large, multifault events.

Although the identification of a large, multifasitirfacerupture on the Calico
fault system provides a more detailed higtof ECSZ activity in the Holocene, the
physics of multifault ruptures and earthquake clustering in the region remain poorly
understood. One mechanical model for clusteathquakes the ECSZ is a simple
oscillator model , i rhoutviumecobs eartbguiake ayclee @CF F

synchronizes and locks faults in phase and thus produces earthquake clustering (Sammis
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et al., 2003; Scholz, 2010; McAuliffe et al., 2013). Scholz (2010) suggested that the
Calico fault should operate independently of cltexieevents on the combined Landers
and Hector Mine faults, given that its slip rate and recurrence interval are bag®er on
existing datgOskin et al., 2007; 2008; Ganev et al., 2010; Xie et al., 2QL8).
inferencethat the Calico fault system exparced a large ruptureli-2 ka before the
LandersHector Mine cluster, and thttis rupturewould have placed these faults in a
CFF st r eis®nsistbtnavdtiotine idehat the Calico fault system as least
somewhatndependenti.e., neither iggers nor is triggered by Landdrgctor Mine
style rupturesWhile the Calico fault system may operate independently, its ruptures may
alsofirepeb clusteredruptureevents on neighboring faults, i.e., force them to occur later,
or be outof-phase. Eveif the Calico fault system does operate in the same general
clustering ofearthquakes the ECSZi.e., as implied by Figure 1@espite its different
slip rate, its ruptures may still repel other events, thereby "stretching” out the duration of
a given arthquake cluster.

An additional uncertainty for the clusteredrthquakes the ECSZ is whether
the pattern of fault ruptures observed historically is repeated through time. Rockwell et
al. (2000) concluded that different rupture sequences were tikelycur throughout the
clusterecearthquakeshased on paleoseismic records for linked fault segments that do
not replicate through the Holocene clusters. They suggested that patterns of rupture may
depend on where events nucleate and in which direaimnes propagate, i.e., N to S,
or S to N. This is supported by subsequent paleoseismic data, which indicate that each
fault does not rupturthe surfacen everyearthquakeluster (Rymer et al., 2002;

Madden et al., 2006; Ganev et al., 2010; this stkayyre 10). The lack of systematic,
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repeated multifault rupture patterns may result from the geometric complexity of the
southern ECSZ (Spotila and Garvue, 2021). Regional dextral shear is accommodated in
part via primary dextral faults, e.g., the JohnSatfey fault, which are discontinuous,
transpressive, and bend westward towards the north, as well as interveningpntth
transtensional connector faults, e.g., the Kickapoo fault. Ruptures initiating in the south
that propagate northwardsay takeadvantage of the connector faults, whereas those
propagating southwards may follow primary faults or connector faults depending on the
dynamic stresses and whether faults are sufficiently loaded for failure. Local stepovers
and transpressional bends masthier constrain a given rupture pattern. The result may
be complex scenarios of multifault failure that do not repeat. The resulting rupture
patterns would thus only make sense if the state of stress and dynamic stress evolution
during ruptures were fullgnown for each fault.

Our results also have implications for studies of earthquake geology in the region.
Our studysuggest that continuous portions of large ¢M7.0) strikeslip surfaceruptures
may be preserved and mappable after at least several thousand years under certain
geomorphic conditions. Although local features such as individual offsets, deflected
drainages, and scarps, have been widely documented on similar faults indhe regi
(Rockwell et al., 2000; Madden et al., 2006; Oskin et al., 2007; Spelz et al., 2008; Ganev
et al., 2010; Madugo et al., 2012; McAuliffe et al., 2013), continuous mapping of >10
km-long segments of prehistoscirfaceruptures based on tectonic geomolplgy have
only rarely been identified (e.g., Thompson Jobe et al., 2020; Chupik et al., 2022). The
historic surface ruptures of strilglip faults are locally preserved and still mappable even

after more than a century (e.g., Mueller and Rockwell, 1998\ ldng such ruptures
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can be preserved, however, is not generally knownditeely variable by locatiorand
lithology of neighboring bedrockn the case of the Caliddidalgo paleorupture,
preservation seems to result from limited erosion and isolfxthom deposition that occur
on entrenched upper piedmont alluvial surfaces. These surfaces develop good pavements
with cohesive soils that are ideal for fault preservation. In contrast, rupture evidence is
likely ephemeral in the young, namhesive alluwim of broad valleys. This limited
preservation implies that the localization of stritip faults along mountainous ridges,
such as common along transpressive systems, may be an importemngitenfor
preserving prehistoric strikgip surface ruptws. Other factors are also likely critical,
including desert aridity, surface age, and a lack of aeolian sand input. Fault slip rate and
recurrence interval may also play a role, as low fault activity may result in paleorupture
deterioration, whereas hidault activity may result in overprinting and overlapping of
evidence.

Based on these potentially important criteria, the transpressive, modacties/
ECSZ (14 mml/yr sliprate, 110 karecurrence intervals; Rubin and Sieh, 1997,
Rockwell et al., 2000Madden et al., 2006; Oskin et al., 2008; Xie et al., 2018) may be
well suited for preserving prehistoric surface ruptures. From reconnaissance using
Google Earth highiesolution satellite imagery and locally availablen¥esolution lidar
(EarthScope, 2B; U.S. Geological Survey, 2017), we have identified several other
potential paleoruptures besides the Caktidalgo fault system. The southern ~45 km of
the Lenwood fault is well expressed with a ~16 km stretch (between 34.66085°N,
116.86253°W and 34.224°N, 116.76531°W) exhibiting relatively continuous, sharp

scarpsand white lineaments on uplifted alluvial and colluvial surfaces along ridge fronts
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(Figure 12)Paleoseismology at two sites on the southern Lenwood fault has documented
a most recergarhquakeof 1.2 2.5 ka (Padgett, 1994; Khatib, 2004), suggesting this
preserved paleorupture is similar in age to the Cafiictalgo paleorupture. Another
example is the littkknown Humbug Mountain fault, which connects to the sinistral Pinto
Mountain faultzone and the dextral Pisg&ullion fault system (Howard et al., 2013)
(Figure 12). The ~8 km long Humbug Mountain fault exhibits ~5 km of clear and
continuous lineaments and breaks in slope suggestive of a prehistoric surface rupture
(Figure 12), althoug the earthquake history of this fault is unknown. We suggest that
paleorupture mapping coupled with paleoseismology may provide additional insights into
the rupture dynamics and seismic hazards of the ECSZ.

Finally, these results have implications foture rupture patterns in the ECSZ
The identification of yet another complex multifault rupture in the ECSZ further suggests
this is the normal mode of operation for ECSZ faults, and not just a recent phenomenon.
This means that the region should expetiireievents of a similar size to the 1992
Landers event. Results also suggest that the Calico fault system has experienced a major
rupture in the past 8. 1.7 ka, meaning that it may not be fully loaded with tectonic strain
for failure in the near futur&anev et al. (2010) found that the northern Calico fault at
Newberry Springs ruptured twice in a short period during the penultimate earthquake
cluster (55.6 ka), howeversuchthatwe cannot rule owinother Calicsurfacerupture
in the modern clusteBased on theegionalpattern ofsurfaceruptures and on the
paleoseismic data and historical observatitims only major faults in the southern ECSZ
that are not known to have ruptured in the modern earthquake cluster are the northern

Johnson Valley, sghern Emerson, southern Bullion, Ludlow, and Sheephole/Cleghorn
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(Figures 1b, 10). Future investigations may focus on these structures, as well as seek to
lengthen the paleoseismic observation windows on other faults. An additional challenge
will be to reine models of what controls multifault ruptures in this system (e.g.,

earthquake "gates"), so that likely scenarios of specific rupture patterns may be identified.

Conclusions

We interpret fresh fault features mapped along the combined itiedgo
faults as having formed during the most recent rupture of these faults. Based on our
paleoseismic observations and luminescence ages, this rupture occurred beiie@n 0.
ka, thereby placing the event within the most recent earthquake cluster of the southern
ECSZ. Based on the ~2.3 m average Frigteral displacement along the paleorupture and
the transition to geomorphic conditions that are poorly suited for preserving faulting to
the north and south, we hypothesize that the original rupture length wiicaigly
larger than its 1&m mapped length. Scaling relationships using this mean displacement
suggest the paleorupture may have beéhkna8long, and thereby could have involved
the entire Hidalgo fault and continued at least 42 km northward to cahe€c6i 2.0 ka
mostrecentsurfacerupture on the Calico fault identified in a previous paleoseismic study
(Ganev et al., 2010). This implies that the paleorupture may have been associated with an
Mw~7.4 earthquake anlas characterized by a multifaulipture patterrof similar size
to the 1992 Landers and/or 1999 Hector Mine ruptures, but occurred directly in the zone
between them. The exact limits of the paleorupture are not well constrained, however,
and it may have even continued farther south to ectnio a recent eve(it1.3 ka)on the

Mesquite Lake fault.
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These results add additional evidence that complex, multifault ruptures are the
normal mode of operation for the ECSZ. The occurrence of an event on the southern
Calico fault systendi 2 ka befoe the historic Landers and Hector Mie&thquakes
however, may illustrate how dynamic interactions between ruptures may result in
continually evolving, complex rupture patterns and may stretch the duration of
earthquake clusters. Based on our CoulomlufeaFunction analysis, the paleorupture of
the CaliceHidalgo faults may have resulted in a stress shadow along the future Landers
and Hector Mine ruptures, thereby delaying their occurrences. The paleorupture may
have also prevented the Landers and Hddiae earthquakefom triggering an event
on the Calico fault, which was at least locally loaded with positive Coulomb static stress
change by the historic events. These speculations imply that, while a broader factor may
result in general periods of aadty in the ECSZ (e.g., Dolan et al., 2007), individual fault
ruptures may repel, i.e., maintain @ftphasebehavior(e.g., Scholz, 201Qyith each
other via static and dynamic stress changes, thereby lengthening the duration of
earthquake clusters. Thesulting noisiness of rupture patterns through time, as well as
the reason for multifault ruptures in the first place, may ultimately stem from the
geometric complexity of the ECSZ, given the ubiquitous bends, stepovers, and secondary
deformation alongti

A final implication of this work is that previous ruptures of faults in similar
locations that may be identified in the paleoseismic record may be traceabléaas
rupture zones using higiesolution satellite imagery, DEMs, and field observations
Complex shear zones with comparable geomorphic conditions, neotectonics, and rates of

activity as faults in the ECSZ may be ideally suited to preserve long, continuous
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mappable portions of paleoruptures, even for thousands of years. Reconnaissance

suggets that other such young ruptures may yet be identified in the ECSZ.
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Figure 1:A) Tectonic map of southern California imposed on topography showing the
location of the Eastern California shear zone (ECSZ) (denoted by white dashed lines).
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Gray lines indicate major active faults.Rer lines indicate the three large historical
ruptures in the southern ECSZ and the rupture of the Calico fault system identified in this
study. ETR = Eastern Transverse Ranges, NFTS = North Frontal Thrust System, SAF =
San Andreas fault (SB = San Bernaalstrand, CV = Coachella Valley strand), SBM =

San Bernardino Mountains, SGP = San Gorgonio Pass, SN = Sierra Nevada. B) Larger
map of the study area in the southern ECSZ (location shown in Figure 1a). The Calico
fault system is shown in blue. Landerslatector Mine ruptures are shown in red
(epicenters denoted by yellow stars). Black circles denote locations of paleoseismic study
sites in the region, corresponding to the list in Figure 10. Black square denotes location of
Hidalgo Mountain paleoseismides (this study). Orange dashed line denotes the base
boundary of the Marine Corps Air Ground Combat Center (MCAGCC). Faults are BF =
Bullion fault, CR = Camp Rock, EF = Emerson, HF = Helendale, HVF = Homestead
Valley, JVF = Johnson Valley, LF = Lenwood, [E = Lavic Lake, LuF = Ludlow, OWS

= Old Woman Springs, PF = Pisgah, PMF = Pinto Mountain, SCF = Sheephole

Cleghorn. NSM = Newberry Mountains, RM = Rodman Mountains.
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Figure 2: Mapof the paleorupturef the Calico and Hidalgo faults. Area of the figure
shown in Figure 1b (top left corner = 34.56491116.37362W, bottom right corner



34.35558N, 116.29768W). The entire map area occurs within the limits of the

MCAGCC. Mapped paleorupture is colooded by confidence and strength of evidence,

as well as whether or not it was mapped directly in the freld, almoj or only from

satellite imagesyellow, white) (see legendBlue traces represent clear faulting along

the Calico fault that exhibitsdifferent geomorphic character (i.e., in deposits of

different lithology), which may have formed as a separate evenh@)inferred 18 km

total paleorupture length includes all colored fault traces shown on map. Select older
faults without evidence faecent rupture along the Calico and Hidalgo faults are denoted
in black or gray. Locations of offset measurements are shown with white triangles and
circles. The red star denotes location of the paleoseismic site on Hidalgo Mountain. A red
box indicates loation of SfM DEM in Figure 4. Locations of photos in other figures are
also indicated. Geospatial data of the mapped rupture (shapefile and Google Earth KMZ,
plus locations of offset measurements) are available in the supplemental materials. MHM
= Middle Hidalgo Mountain, NHM = North Hidalgo Mountain.
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1999 Hector Mine rupture

Paleorupture

Figure 3:Google Earth images showing paleorupture and exposure of the Hidalgo fault
compared to the historical Hector Mine ruptukg.3D view (30 inclined viewing angle)

of the rupture trace along tiidalgo fault on the west flank of Hidalgo Mountain using
available satellite imagery (acquisition date 9/8/2018; Laidspernicus) on Google
Earth and topography with no exaggeration. The paleorupture appears as an
anastomosing white lineament. The loyanel is the same figure with mapped fault
lines (see Figure 2 for explanation of colors). Inset in the upper panel shows exposure
from gully location (34.4478N, 116.3333W), which reveals fault gouge and breccia
associated with the lineament. B) Comgan of the 1999 Hector Mine rupture on the
Lavic Lake fault (top; 34.5968I, 116.2984W) and the paleorupture on the Hidalgo

fault at Hidalgo Mountain (bottom; 34.4508, 116.3343W, ~350 m north of the gully

in Figure 1a). In both cases, the rupturedracexpressed as similar anastomosing white
lineaments that cross alluvial and colluvial surfaces wighn2 dextral offset and

minimal vertical offset (.15 m). The inset of both images shows the mapped
paleorupture for the same image (red lines).
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Figure 4: Highresolution DEM based on structeirem-motion (SfM) analysis of high
resolutionaerial images obtained using drone (DJI Mavic Pro). DEM has a 12.8 cm cell
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size and was generated with Agisoft Metashape Pro using 390 imagesvirom
overlapping grid flights (65 m above launch elevation, 70% overlap) designed via
Pix4Dcapture. Map area is along the Hidalgo fault portion of the paleorupture on the west
flank of Hidalgo Mountain (see Figure 2). The trench location is indicated loywel

arrow. Upper image (A) shows just the hillshade of the DEM, whereas the lower image
(B) shows the hillshade with mapped faults in feallts shown are those based on
features visible in the DEM and may differ from the final rupture map, that is based
combination of remote and field mappirigset of the upper image (A) shows bloy of

two rightlaterally offset gullies (H39 and H40; see Table 2), which are particularly well
defined in the DEM. Coordinates of both maps are upper left = 34.44927

116.31630W, lower right = 34.42009N, 116.31448W.
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Figure 5: Images of the paleorupture character from the field. Location of the images
shown on Figure 2. Yellow arrows denote the locatiothefrupture A) Paleorupture

along the Calico fault (349%66°N, 116.3592W), showing white lineament, slope break,
shallow trough, and disrupted ground. Note people for scale. B) Paleorupture along the
Calico fault (34.47708N, 116.33881W), showing slope break, trough, and smooth
ground. Note the person for $£aC) Paleorupture along the Hidalgo fault (34.4503
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116.3342W), expressed mainly as lineament and slope break (boulder in center is
approximately im diameter). D) Paleorupture on the Hidalgo fault (34.4R33
116.3147W), showing slope break, disrgot clasts, and zone of unconsolidated
colluvium that is similar to a degraded mole track (between white dashed lines) Note
accumulation of fines and the resulting concentration of vegetation along the
paleorupture (dark boulder in center is approximatedyn®diameter). E) Paleorupture
on the Hidalgo fault (34.404Bl, 116.2921W) from a distance, showing sharp
lineament, slope break, and sharp shutter ridges. F) Slope map from
SfM/photogrammetrpased higfresolution DEM along the Calico fault (image cente
34.47893N, 116.33944W), illustrating the 0.5L.0-m-wide slope break that is
continuous across the gully and defines the rupture trace (between black arrows).
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C11 40+1.0m[

Figure 6: Examples of measured offsets along the paleorupture. Locations correspond to
labels in Table 2 and are shown in Figure 2. Upper two images (A, B) are field photos of
offsets on the Calico fault; the lower two photos (C, D) are of the Hidalgo fault. The
paleorupture is shown as a dashed black line. Red and blue lines delineafgethe of
feature (either gully bottom, gully edge, high point along shutter ridge, or sharp break in
slope that intersects the fault trace). Red lines are on the uphill side of the fault, whereas
blue lines are on the downhill side. Dots on lines indicate@ipoints that were used for
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offset measurement. Resulting field measurements (measured with tape parallel to the
fault trace) are given at top of the image with estimated errors. Bottom image (E) is
hillshade of DEM from SfM/photogrammetry from along ®alico fault, including the
location of C11 (photo in upper left). Red and blue lines and dots illustrate offset features
and pierce points, as in photographs (blue = west side). Measurements were made using
visual cues in the field, rather than from tlesition of features shown on the DEM (i.e.,

for better accuracy). Locations are as follows: C11 (offset ridge) = 34XM954

116.3588W; C24 (offset gully bottom) = 34.47088, 116.33383W; H37 (offset lobe

of colluvium) = 34.4267N, 116.3158W; H39 (shutter ridge) = 34.409N,

116.2978W; center of DEM = 34.4955I, 116.3591W.

104



Y, \ g K il
il 117 -tl-.rI\ ; 9 y '-—

{ e W\ Ax
; AU Ry 2

\ s 0\
: - &
: ﬁ 255 10 15 20 By
1530 60 60 1 5 = T M el s = m&!.-ﬂ.sz.-

C.__ 30 a west East A

X
# AT S

N

block
0 20 40 60 80
Distance (m)

Figure 7: Topographic setting of the paleoseismic trench site along the Hidalgo fault. A)
Contoured hillshade map of the trench location on the Hidalgo fault on the avdsofl
Hidalgo Mountain. Map created from the SfM DEM shown in Figure 4. Center of image
is at the trench site, which is visible in Figure 7b. Contour interval is 2 m. Orange lines
denote fault segments, as shown in Figure 2. B) Detailed map of trendPirsitéines

denote trenches T1 and T2 (spoils piles visible just south of trenches). Endpoints of
trenches ar@l: 34.42650°N, 116.31578°W and 34.42649°N, 116.31582°W; T2:
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34.42649°N, 116.31586°W and 34.42647°N, 116.31596€Wvitour interval is 0.2 m.

Black lines denote flow directions of gullies into the loglief trough that sits behind an
uphill-facing scarp. Location of image shown by box in Figure 7&Jri&aggerated
topographic profile through the trenches and faults along AA' (location showgureFi

7a). D) Preexcavation photograph of the trench site, looking northwest. E) Oblique aerial
photograph of trench site during excavation.
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Fig 8a
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Fig 8b

Figure 8: Results from paleoseismic trenches on the Hidalgo fault (see Figure 7 for
location). Location of luminescence samples indicated by black circles; ages in ka are
shown in yellow. The two ages shown for 20190SL1 represent quartz (1.3 ka) and
feldspar (1.9 ka) ages. Gridline markings are in meters. (Note that original gridlines on
photomosaic for the north wall (light, white lines) used a different initial reference frame,
but the position of the north wall is shown correctly in reference to thk s@litand T2

grid reference frame.) North walls are flipped so that all sections are viewed to the south.
The south walls of T1 and T2 are depicted in true relative geographic position in Figure
S2. A) North and south walls of trench T1, spanning theegastace (F1) of the
paleorupture. Displacement across the primarydiaping fault zone (red lines)

generates an uphilacing scarf colluvium (T1C1)that traps finegrained sediment

(units T:100,-150,-200,-300,-400) with intermittent deposan of coarsegrained

sediment (units T-R50,-350) The most recent rupture occurred with un#ZDD at the
ground surface, as illustrated by fault truncations and the blocky, intedeittymed
character of this unit. Unit F150 records the initial pha®f postearthquake deposition
and grades into scaqgerived colluvium. This trench was-excavated and expanded
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