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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 crustal deformation varies widely based on geologic 

settings. Normal faults within an intra-arc basin, strike-slip faulting within a wide shear 

zone, and creeping fault behavior all manifest differently and require a variety of 

techniques for analysis. 

In this dissertation I studied three different actively deforming regions across a variety of 

geologic settings. First, I explored the drivers of extension within the La Pine graben in 

the Oregon Cascades. I mapped >20 new Quaternary faults and conducted paleoseismic 

trenching, where I found evidence for a mid-late Holocene earthquake on the Twin Lakes 

maar fault. I suggest that tectonics and not volcanism is responsible for the most recent 

deformation in the region based 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, I investigated the rupture pattern and 

earthquake history of the Calico 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 earthquakes, 0.5 - 1.7 ka and 5.5 - 6.6 ka 

through paleoseismic trenching. 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 recent event 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, I studied the 

spatial distribution of the southern 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. I used an Iterative Closest Point algorithm to find the displacement 

between two lidar datasets acquired 13 years apart. I 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 a response to the 2004 earthquake. Peaks within the lidar displacement results 

indicate complexity in the geometry of fault locking.
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GENERAL AUDIENCE ABSTRACT 

 

Fault behavior varies widely across different regions, depending on the type of fault and local 

geology. 

In this dissertation I examine three regions with different mechanisms controlling deformation 

within them. First, I 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 depending on the underlying 

driver. I map > 20 new faults in the La Pine graben. I 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. I conclude that tectonism 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, I explore recent rupture on the Calico fault system in the Eastern California 

Shear Zone, 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.  I conducted a paleoseismic survey to determine the timing of the most 

recent earthquake(s) on the Calico fault system. This trenching effort found evidence for 1-2 

earthquakes, the most recent occurring 0.5 ï 1.7 ka.  I use the rupture mapping and earthquake 

timing to develop a number of various rupture scenarios. I 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, I examine how 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. I examine the spatial distribution of where the San 

Andreas fault transitions from creeping to locked behavior by differencing two high-resolution 

lidar topographic datasets taken after the M6 2004 Parkfield earthquake. I compare my 

displacement results to pre-2004 datasets and conclude that the transition zone 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 2: Active fault mapping and reconnaissance paleoseismic investigations 

in the La Pine graben, Oregon Cascades, USA investigates the earthquake history of an 

intra-arc basin in the Oregon Cascades and explores the relationship between tectonic and 

volcanic induced faulting in the region. We map >20 new fault traces across the La Pine 

graben using airborne lidar-derived topography. We also open two paleoseismic trenches 

on two of those faults, finding evidence for one post-Mazama (7.6 ka) event on the Twin 

Lakes maar fault, doubling the number of known post-Mazama events in the La Pine 

graben (Lyon, 2001). Based on fault geometries and timing of regional volcanism, we 

suggest that tectonism is the current driver of faulting within the La Pine graben.  

Chapter 3: Evidence for a Prehistoric Multifault Rupture Along the Southern 

Calico Fault System, Eastern California Shear Zone, USA explores the earthquake record 

and expression of complex, multifault rupture in the Calico fault system in the Eastern 

California Shear Zone using rupture mapping, paleoseismic trenching, and Coulomb 

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 rupturing multiple 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 rupture in response to either of those 

events. 
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 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 ruptures observed 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. Through paleoseismic investigations, we find 

strong evidence for one prehistoric earthquake 0.5 ï 1.7 ka and weaker evidence for 

another event 5.5 ï 6.6 ka. From this work, we develop a number of plausible rupture 

scenarios involving faults within the Calico fault system 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 the most recent event on the Calico fault system 

inhibited the current earthquake cluster seen through the Landers and Hector Mine events 

as well as prevented triggering on the Calico fault system from those events. 

Chapter 4: Distribution of creep through the Parkfield section of the San Andreas 

fault before and after the 2004 M6 Parkfield earthquake examines the distribution of 

creep along the San Andreas fault before and after the M6 2004 Parkfield earthquake 

using 3D topographic differencing of high-resolution 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 central Creeping 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 
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earthquake by comparing pre-2004 creep rate data (including 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 dataset to determine displacements along the fault for 

that 13-year 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 displacement rate from the Pacific plate displacement rate. When 

comparing our results to pre-2004 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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Chapter 2: Active fault mapping and reconnaissance paleoseismic investigations in 

the La Pine graben, Oregon Cascades, USA 

 

Michael J. Vadman1 and Sean P. Bemis1 

1Deparment of Geosciences, Virginia Tech, 926 West Campus Drive Blacksburg, VA 

24060 USA 

This chapter has been published (2019) in Geomorphology. 

Vadman, M.J. and Bemis, S.P., Active fault mapping and reconnaissance paleoseismic 

investigations in the La Pine graben, Oregon Cascades, USA, 2019, Geomorphology, 

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

 

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

 

Abstract:  

Despite geologic and geodetic evidence of ongoing extension across the Oregon 

Cascades, the late Quaternary structural expression of this deformation is not well 

constrained. High resolution airborne lidar-derived bare earth topography enables 

examination of densely forested portions of the Cascade Range to test for the presence of 

late Quaternary fault-related 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
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for a mid-late Holocene earthquake based on the offset of the 7.6 ka Mazama tephra. 

Potential temporal 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 

structure and 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 widely discussed 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 earthquakes. 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 contrast, Oregon 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% of the most densely populated western half of the state 

(as of 2017; http://www.oregongeology.org/lidar/collectinglidar.htm). Previously 

established, widespread Quaternary faulting in Oregon is east of the Cascades Range 

(Fig. 1) where a strong orographic effect contributes to extensive grassland landscapes 
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and lower erosion rates. This simplified detailed active fault mapping prior to recent lidar 

topographic data sets (Personius, 2002; Weldon et al., 2003). 

The discrepancy between rates of fault ódiscoveryô between Oregon and 

Washington is likely the result of several interrelated circumstances, including 

differences in local tectonics and crustal structure, differences in surficial geology and/or 

erosion rates 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). These 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 exhibit the conditions of relatively dense 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 

extensive late 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 seismic 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 al., 2017) and the Trans-Mexican 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 
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Lava Plains trend of silicic volcanism 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 and temporal scales. 

As the foundation for future seismic hazards and volcano-tectonic interaction 

studies, we have conducted reconnaissance mapping and paleoseismic investigations on 

active faults on the east flank of the High Cascades along the upper Deschutes River (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 engineering reports generalize the 

faulting in this zone as the ñLa Pine grabenò (e.g., Wong et al., 2010). Personius (2002) 

noted that the association of young volcanic deposits with the distributed faulting pattern 

of the La Pine graben suggests possible nontectonic faulting. Distinguishing where La 

Pine graben faults lie on the spectrum from tectonic to volcano-tectonic to dike-induced 

faulting is critical for proper seismic hazard evaluation and interpretation of tectonic 

evolution (e.g., Smith et al., 1996; Payne et al., 2009; Gómez-Vasconcelos et al., 2017). 

However, the limited regional neotectonic data and volcanic chronologies currently 

preclude the ability to confidently distinguish between possible modes of surface 

displacement generation. We performed detailed mapping of fault traces across the La 

Pine graben using bare earth lidar data and, where high water levels concealed some low-

lying topography within Wickiup Reservoir, high-resolution satellite imagery. We visited 

a number of these fault scarps in the field and undertook exploratory paleoseismic 

trenching on two of them (Fig. 3). These excavations uncovered a distinct primary 
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stratigraphy of the thick Mazama tephra in sharp contact with an underlying well-

developed soil. One of these trenches spanned the Twin Lakes maar fault scarp and 

exhibits a post-Mazama 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 northeast-directed 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 Pacific-North American plate 

boundary to 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, extension dominates the 

Cascades volcanic arc in Oregon, as demonstrated by the long-lived óHigh Cascades 

grabenô (e.g., Smith and Taylor, 1983) and the dominant pattern of arc-parallel active 

normal faults (Personius, 2002). Late Quaternary extension rates across the central 

Oregon Cascade Range are estimated at 1ï3 mm/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 faulting to the south, where NW-SE to 

N-S oriented faults produce broad horst-graben 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 topographic 

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



9 

 

the rest of the Cascade arc during the Quaternary (White and McBirney, 1978; Sherrod 

and Smith, 1990) results in a landscape dominated by lava flows, cinder cones, and shield 

volcanoes (MacLeod and Sherrod, 1992; Hildreth et al., 2012; Fig. 2). Shallow Curie-

point isotherms indicate high heat flow across the High Cascades graben and are 

consistent with abundant volcanism and ongoing crustal extension (Connard et al., 1983). 

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 the low-relief terrain between the 

western flank of Newberry volcano and the crest of the Cascade Range (Fig. 2). The 

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 N-S trending valley east of the horst block occupied by 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, young volcanic edifices (Pitts 

and Couch, 1978). Limited data from water wells demonstrate up to ~450 m of 

Quaternary basin fill near La Pine, but depths of 100ï150 m are more typical to the west 

and 30ï60 m depths in the Shukash basin (Lite Jr. and Gannett, 2002; Sherrod 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 in Personius, 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 
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represent the margins of the basins, these fault traces do not otherwise correspond 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 described as the Wampus 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 is an E-dipping 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 dip and 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 Pringle Falls D tephra (218±10 ka; Herrero-Bervera 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, with some 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). Several 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 a 3-km-long fault, N-striking fault trace extending down the 

north flank of Davis Mountain; a 3-km-long, N-striking fault trace transecting the east 
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flank of Round Mountain; and a 4.5-km-long fault trace starting at the southern end of the 

Mount Bachelor volcanic chain that follows a series of fissures along the crest of an up to 

15-m-tall, E-facing scarp in Pleistocene-aged lava flows (Scott and Gardner, 1992; 

Personius, 2002). 

 

Quaternary stratigraphy of the Cascade Lakes area 

Previous studies documenting the Quaternary 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 also present (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. Although direct 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 upper Pliocene 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 

volcanic chain, a 25-km-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 km3 of basaltic andesite (Scott and Gardner, 1992; 

Gardner, 1994). The 30+ cinder/scoria cones of the Mount Bachelor volcanic chain form 
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a prominent lineament that is due N-S at the north end and curves ~10° to the east along 

the southern half of the chain. Two short sections of smaller fissure vents are at the 

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 another 400 m of 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 alignment comprised of three widely spaced lava flows and associated cones 

that are compositionally similar (andesite with millimeter-sized quartz phenocrysts) and 

postdate the Mazama tephra. The northernmost cone, Davis Lake cone (Fig. 2), is 

radiocarbon dated at 6005ï4830 cal BP (4740 ± 250 14C 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 generations of volcanic activity (Fig. 2). MacLeod and Sherrod (1992) 

mapped the 5-km-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 that suggest an age significantly older than the 18ï8 ka 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 ~5 km-long 

chain of cinder cones. These cones retain their cone-shaped 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 to 18ï8 ka. Macleod and 
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Sherrod (1992) suggested that these two chains could have formed from a single fissure 

eruption where the palagonite tuffs formed where the eruption encountered abundant 

near-surface water and the cinder cones erupted through drier ground. The final vent 

alignment occurs near the northwestern reaches of Wickiup Reservoir, where North and 

South Twin Lakes are 2 of 4 N-S aligned maars (Figs. 2 and 3; Scott and Gardner, 1992). 

This alignment continues northward to include overlapping strombolian cinder cones and 

spatter cones, with an overall 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, the air-fall deposits across the La Pine graben 

consist of 0.5ï1 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 al., 1999; 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) documented glacial deposits along the 

western margin of the La Pine graben consisting of a complex of lateral, terminal, 

recessional, and ground moraines. With well-preserved morainal topography, Scott and 

Gardner (1992) correlated these glacial deposits with the Suttle Lake advance of the 

Cabot Creek glaciation of Scott (1977), which they assigned an age of 18ï22 ka based on 

regional correlations (Porter et al., 1983). Downstream (eastward) from these glacial 

deposits and across the La Pine graben are several broad, low-relief geomorphic 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 the south end of the 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 (18ï22 ka). They described the higher surfaces as possibly the 

depositional top of a basin-filling 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 advance (Scott and Gardner, 1992). The 

basin-filling 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, these basin-filling sediments are well-bedded 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 Pleistocene in age 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 tracing the different geomorphic levels along the Deschutes 

River and across the La Pine basin (e.g., Fig. 3). 

The basin-filling sediments exhibit low permeability, standing in strong contrast 

to the highly porous and permeable volcanic rocks that surround or have been emplaced 

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 the Deschutes River 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 apparent low erosion rates and widespread geomorphic surfaces preserved 

across the La Pine graben provide an excellent environment for preserving scarps from 

surface-rupturing earthquakes. The highly permeable Mazama tephra blankets most of 

the landscape, rapidly converting 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 to limit the component of surface sediment transport from precipitation-

related processes through the mid-late Holocene. Surface modification through 

bioturbation (including burrowing animals and tree-throw) likely occurs at higher rates 

because of the presence of dense conifer forests (dominantly ponderosa pine [Pinus 

ponderosa], lodgepole pine [Pinus contorta], and grand fir [Abies grandis]), but is 

presently unquantified for this environment. Through this dense forest cover, we have 

mapped the Quaternary-active faults from their expression in bare-earth lidar topography, 

satellite imagery collected during low reservoir levels, and reconnaissance field 

examinations, but rely primarily on the bare-earth lidar topography for our measurements 

of fault characteristics. Airborne lidar data was obtained from the Oregon Lidar 

Consortium (http://www.oregongeology.org/lidar/), with our study area surveyed during 

http://www.oregongeology.org/lidar/
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2009 and 2010 at an average point density of 8 pts./m2 and raster DEMs delivered with 

0.91-m (3-ft) 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 Map (https://nationalmap.gov/). 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 shaded-relief derivatives of the bare-earth lidar DEMs readily 

highlight the abrupt, linear features that stand in strong contrast to the low relief surfaces 

and meandering stream channels preserved across the graben (Fig. 3 and Appendix 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 location and 

length of several previously mapped Quaternary 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 within 015° of N-S 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 down-to-the-east scarp for 2 km across two late 

Quaternary fluvial surfaces 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 surface ruptures on this fault. To the north, this fault appears to form 

https://nationalmap.gov/
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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 our mapped trace, the Browns Mountain fault projects toward Davis 

Lake Cone, ~8 km away and the northernmost cone of a cogenetic N-S alignment of three 

post-Mazama lava flows and cones of identical composition (Fig. 3; MacLeod and 

Sherrod, 1992). 

Parallel to and 3 km east of the Browns Mountain fault is the Twin Lakes maars 

fault, another down-to-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 Davis Mountain (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 

occurs 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 of 0.5ï1mat 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 longer structures 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 from north to south. Fault scarps on the outwash plain within 

Wickiup Reservoir consistently have <1.5 m vertical separations. 



18 

 

One fault trace with potential Quaternary activity but not post-Suttle Lake 

advance activity is the one we have mapped as the Wickiup Road scarp (Fig. 3). Its scarp 

forms the westernmost edge of the higher, pre-Suttle 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 suspicious is the 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 trace that was active in the Quaternary, it does not appear 

to have experienced a post-Suttle 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 (2001; Figs. 3 and 4A). The scarp 

on the Suttle Lake outwash surface consistently has a vertical separation of 2.5ï3 m and 

~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 fault, forming a narrow graben structure 

(Fig. 3). The eastern fault is smaller, with a vertical separation of 0.5ï0.7 m. 

The previously mapped fault trace extending south from the southern end of the 

Mount Bachelor volcanic chain exhibits a 10ï15 m tall scarp in Pleistocene lava flows, 

with the scarp exhibiting discontinuous open crustal 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 structure. This graben is continuous to the south 

where these faults pass from the Pleistocene lava flows into the pre-Suttle Lake 

geomorphic surface. However, the deformation appears to become spread across 
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additional fault traces as it approaches faults mapped south of the 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 across the pre-Suttle Lake surface between the Fall and Deschutes rivers is 

expressed primarily as aligned drainages that have an ~2 m west-side-down offset across 

the drainage. The presence of a fault is supported by a small section of fault scarp where 

the trace 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 first-order examination of how slip has been distributed across the La Pine 

graben since the late Pleistocene, we measured the vertical displacements 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 determine the vertical displacements (see 

Appendix A for 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 profiles taken to determine representative 

surfaces (Thompson et al., 2002). The cross-graben 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, we arbitrarily assign this point a height of 0 
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m. In this framework, each east-facing fault scarp is recorded as a negative vertical 

displacement and the west-facing fault scarps recorded as positive vertical displacements. 

Plotted scarp heights are only the vertical 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. Suspicious 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 vertical surface 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 because of the geomorphic 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 ground surface, the maar clearly formed 

prior to deposition of the tephraðproviding two clear a priori relative age markers for 

establishing the timing of the scarp-forming event. 

We excavated the trench by hand (Fig. 4D) across the subdued, ~0.7-m-tall scarp 

at location t1 labeled on Fig. 3 (121.760138° W, 43.707660° N). The trench was 7 m long 

and 1ï1.8 m deep. General soil and stratigraphic relationships in this trench consisted of a 
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thin O horizon, 0.7ï0.8 m of Mazama tephra, and a deep red soil developed on 0.6ï0.8 

cm of pebbly silt, all overlying a weathered basaltic tuff breccia (Fig. 6 and Appendix 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 by Mazama 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 0.5ï

10mmpumice ash and lapilli and Mazama C consisting of well-sorted 0.5ï2 mm sized 

pumice clasts. The pebbly silt below the Mazama tephra consists of ~10% coarse sand up 

to pebble-sized grains but is otherwise silt and fine sand. The deep red soil profile 

developed on this unit shows 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 is excavated 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 cumulative offset of ~0.6 m (Fig. 6). These 

faults form a discrete plane in the units below the Mazama tephra but rapidly diffuse into 

distributed deformation within coarse-grained, noncohesive lower subunits of the 

Mazama tephra. Identifying any sort of scarp-derived colluvium 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 when a tree 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 below the O 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 do not have a well-defined 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 mid- to late Holocene. 

We also excavated a smaller test trench on another fault trace ~1.5 km to the NE 

(labeled t2; Fig. 3). This trench was 3 m long and 1mdeep, exposing the same primary 

stratigraphic relationships as documented in trench 1 ð specifically 0.7ï0.8 m of 

Mazama tephra on top of a deep red buried soil. Our test trench did not span the full 

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 relations in the 

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 graben. The number of 

individual faults, close fault spacing, and relatively short fault lengths suggest a young, 
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disorganized fault system, thin brittle crust, or some combination of both. We interpret 

our mapped faults across the La Pine graben as steeply dipping normal 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 dip-slip displacement because geomorphic features that are 

offset by these faults do not exhibit lateral offsets or en-echelon fracture and systematic 

fault-stepover patterns. Therefore, steeply dipping (>60°) faults combined with a thin 

(<10 km) brittle crust could support several distinct normal fault zones that cut through 

the full seismogenic zone with additional faults operating as antithetic faults in the 

hanging wall of the through-going normal faults. 

Despite limited direct age control on deposits and landforms across the La Pine 

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 is post-18-22 ka as 

most of the faults offset late Pleistocene glaciofluvial surfaces. Finally, both 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 similar/correlative landforms 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 0.5ï

1 m thick, noncohesive blanket of Mazama tephra across the landscape. 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)., Conversely, we 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 recent surface rupture for each fault trace in the 

map area. Fortunately, as our trenching demonstrates, it should be straightforward to 

establish whether the most-recent surface rupture occurred before/after the Mazama 

eruption. The instantaneous deposition of the tephra 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) geomorphically 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 restricted to the 

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 relatively long-term 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 excludes nearly the 

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 Shukash basin/La 

Pine graben (Lite Jr. and Gannett, 2002)). With the highest extensive geomorphic surface, 

mapped by Scott and Gardner (1992) as a pre-Suttle Lake aggradational surface, 
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extending across the eastern half of the La Pine graben and across much of the La Pine 

basin (Fig. 3), extension-related 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 contributed to widespread 

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 attempting to 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 the Cascades volcanic arc, (ii) is situated 20ï40 km west of Newberry 

Volcano, and (iii) developed within a region dominated by Quaternary volcanic deposits. 

However, evaluating the faults of the La Pine graben in the context of existing criteria for 

distinguishing dike-induced 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 magma/dike-induced 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 

structures 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. 

Cumulative 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 supporting dike-induced generation of 

surface faults provide evidence more consistent with tectonic-dominated 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 cross-graben cumulative vertical 

displacements. The collinear volcano alignments and fault scarps are commonly viewed 

as diagnostic of dike-induced 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) tectonic vs. dike-induced 

models are end-members 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). In particular, we suspect that the 

La Pine graben system might have evolved from a more magma-assisted system during 

activity of the Mount Bachelor volcanic chain (~8ï22 ka) into a more tectonically 

controlled system at the present. However, it is likely that maximum potential earthquake 

magnitudes are lower than typical tectonically controlled normal faults and more similar 

to estimates for dike-induced and volcano-tectonic systems given the recency of local 

volcanic activity (e.g., Smith et al., 1996; Payne et al., 2009). 

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 traces occur across 

the La Pine graben than are depicted in the USGS Quaternary fault and fold database, and 

these exhibit latest Pleistocene and Holocene deformation across a 16-km-wide graben 

system. The Twin Lakes maars fault (this study) and the Dilman Meadows fault (Lyon, 

2001) are evidence for two faults that exhibit mid-late Holocene surface displacements 

(post-Mazama tephra). The young surface displacements likely have a significant tectonic 

component considering that the Davis Lake cone is the only volcanic deposit within 20 

km that post-dates the Mazama tephra. Regional hazard assessments should incorporate a 

multihazard view to consider the likelihood for the co-occurrence of earthquakes and 

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

We document numerous Quaternary-active 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 

relationships between the timing of volcanic activity and the timing of surface ruptures 

on the faults. We present evidence for a post-Mazama 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 post-7.6 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 long-term deformation rates. 
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Figures 

 
Figure 1. Location of the study area in the western U.S. and the Cascadia subduction zone 

forearc/volcanic arc system. (A) Shows the regional plate boundaries with relative 

motions and approximate velocities relative to stable North America. Blue arrows are a 

representative sampling of GPS velocities in a North American reference from 

McCaffrey et al. (2007) showing the interseismic deformation field of the Pacific 

Northwest at the same scale as the Pacific and Juan de Fuca plate velocities. (B) Shaded 

relief topography of western Oregon and Washington, illustrating faults from the U.S. 

Geological Survey's Quaternary fault and fold database (Personius, 2002), major 

volcanoes, and geologic/geomorphic provinces mentioned in text 
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Figure 2. Shaded-relief topography of central Oregon and a portion of the High Cascades 

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/qfaults/; last accessed 

10 February 2018). Solid lines indicate faults with documented field evidence and dashed 

lines indicate faults interpreted from potential field data. 
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Figure 3. Quaternary fault traces of the La Pine graben. Base map is shaded-relief 

topography generated from Oregon Lidar Consortium lidar. Our newly mapped fault 

traces are in black. Structures from the Quaternary faults and fold database are in red 

(https://earthquake.usgs.gov/hazards/qfaults/; last accessed 10 February 2018). Faults 

with directly observed fault dip direction are shown with a ball and tick indicating dip 

direction. Other well-expressed 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 maar; 
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PB, Pringle Butte; pSLo, pre-Suttle Lake outwash; RM, Round Mountain; SLo, Suttle 

Lake outwash; STLM, Southern Twin Lake maar; TLMF, Twin Lakes maar fault; WR, 

Wickiup Reservoir; WRs, Wickiup Road scarp. 
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Figure 4. Images of fault exposures (A,C), natural exposures of La Pine graben 

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 bank of the 

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 basin-filling sequence of tephras, diatomites, and lacustrine silts 

capped by 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, 

dipping 10ï15° 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). 

  



42 

 

 
Figure 5. Cumulative scarp heights across the La Pine graben since the late Pleistocene. 

East-facing scarps are assigned negative scarp height values and west-facing scarps 

assigned positive values, with these values summed from west to east across theLa 

Pinegraben. Distances measured as distanceeast of a N-S line through the summit of 

BrownsMountain. The grey includes the Wickiup Road scarp in the cumulative 

measurement. The black line does not include the Wickiup Road scarp. 
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Figure 6. 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 gradational over 5ï10 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/pre-Mazama 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 modified 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 reveal evidence for a late 

Holocene multifault surface rupture along the Calico-Hidalgo 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 faults in the vicinity 

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 along the paleorupture 

is defined by 39 field measurements to be generally pure right-slip with a mean offset of 

2.3 m. Scaling relationships for this offset amount imply that the original surface rupture 

length may have been ~82 km (corresponding to a M7.4 earthquake) and 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 



45 

 

the Hidalgo fault bracket the timing of the most recent rupture to 0.9ï1.7 ka and a 

possible penultimate event at 5.5ï6.6 ka. This timing is generally consistent with the 

known earthquake clusters in the southern ECSZ based on previous paleoseismic 

investigations. The ages of these earthquakes also overlap with the age brackets 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 experienced a major, multifault 

rupture that spanned the entire length of the fault system between the historical Landers 

and Hector Mine ruptures, but preceded these events by ~1ï2 ka. Coulomb stress change 

modeling shows that the Calico paleorupture may have delayed the occurrence of the 

Landers-Hector 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 spaced ruptures 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.  

 

Introduction 

 Complex 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 single earthquake and typically involve complex secondary deformation at stepovers 

and intersections, 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 because surface ruptures commonly include 

unmapped faults or faults that were thought to be disconnected at depth (Ben-Zion and 

Sammis, 2003; Ross et al., 2019). Multifault surface ruptures may also be difficult 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 Mw 7.3 Landers, 1999 Mw 7.1 Hector 

Mine, and 2019 Mw 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 strike-slip 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, 2018). Although the 

ECSZ formed ~6ï10 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 

complexity may be partly responsible for several of the ECSZ's characteristics. The 

ECSZ exhibits a discrepancy between geological and geodetic slip rate determinations as 

well as a high degree of off-fault 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; Ganev et al., 2010). 
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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 pre-historic surface rupture patterns. 

 To further 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 surface rupture 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 scenarios of the most recent event on the Calico-Hidalgo 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 operation 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 ~125-km-wide band of complex dextral shear that initiates 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 in the southern ECSZ 

increases towards the south from six at about 34.7° latitude (Helendale, Lenwood, 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 northwest striking and right-
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lateral, but surface traces are complex and display small-scale geometric complexities 

and widespread transpression (Spotila and Garvue, 2021). The ECSZ has accommodated 

a total of ~50ï75 km of dextral slip over the past ~6ï10 Ma (Dokka and Travis, 1990; 

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

~10 mm/yr is comparable to current geodetic modeled slip rates of 11ï18 mm/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 of geologically determined slip rates for 

individual faults, however, which combine to Ò 6.2Ñ1.9 mm/yr (Oskin et al., 2008). This 

discrepancy may be due to off-fault deformation, transient effects (e.g., post-seismic 

relaxation), or measurement uncertainty (Dixon et al., 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 ECSZ are interpreted as <1 mm/yr 

geological slip rates during the late Pleistocene based on paleoseismology and 

geomorphology (e.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 rupture events in the last three 

decades (Figure 1a). The 1992 Mw 7.3 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., 1993). The rupture 

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 variable along the 

faults and averaged several meters, but reached a maximum of ~6 m and was 
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accompanied by significant off-fault deformation (Sieh et al., 1993; McGill and Rubin, 

1999). The 1999 Mw 7.1 Hector Mine earthquake occurred ~25 km to the west of the 

Landers rupture and was produced by a 41 km-long surface rupture 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 

overlapping faulting, off-fault deformation, and complex stepovers, with an average 

dextral slip of ~2.5ï3 m (Scientists from the U.S. Geological Survey, 2000; Treiman et 

al., 2002; Hauksson et al., 2002). The 2019 Mw 7.1 Ridgecrest earthquake occurred ~120 

km north of the Landers and Hector Mine ruptures on mainly unmapped faults Thompson 

Jobe et al., 2020). It was preceded by a Mw 6.4 foreshock on a 15-km-long northeast-

striking sinistral fault and continued as ~50 km of northwest-striking dextral surface 

rupture during the mainshock (Ross et al., 2019). Like the earlier ECSZ earthquakes, this 

rupture was complex and included stepovers, cross (conjugate) faulting, and a high 

degree of off-fault deformation (Milliner et al., 2015; 2021). Together, these three events 

suggest 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 the Mojave 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 

Ridgecrest earthquakes), 5ï6, 8ï10, 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 multifault surface ruptures that comprise individual 
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earthquake scenarios (e.g., the 1992 sequence) are not necessarily repeated, suggesting 

episodic, spatially-variable strain release may depend more on the dynamics of specific 

earthquakes (e.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 (e.g., Spinler et al., 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 between the (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 then be locally modified by 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 or patterns of 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 between the 

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 the north to 

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, net slip on the 

Calico fault is 8ï9.8 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 (Figure 1b) also has 

the highest geologically determined slip rates in the southern ECSZ of 1.8ï3.1 mm/yr 

(Oskin et al., 2007; 2008; Xie et al., 2018). Geodetically estimated slip rates for the fault 

are higher, ranging up to 8ï11 mm/yr (Evans et al., 2016; McGill et 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 spaced. These estimates 

suggest the Calico fault system may accommodate a major fraction of 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 

surface ruptures based on one paleoseismic site near the Newberry Mountains (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 with neighboring 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 limited-access military installation 

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

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

 We mapped continuous geomorphic evidence of an ancient surface rupture 

(paleorupture) on the Calico-Hidalgo fault consisting primarily of lineaments and 

neotectonic features cutting young geomorphic surfaces. Semi-continuous light-colored 

lineaments on alluvial and colluvial surfaces were mapped at ~1:500 using Google Earth 

satellite imagery (Figures 2, 3). The 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 Structure-from-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 cross-check 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 in comparison to the DEM data. 

 We ground-truthed mapped lineaments in the field along the majority of the 

paleorupture (Figure 2). Features identified in the field include narrow zones (0.5ï1 m 

wide) of ground disturbance (e.g., disarticulated cohesive soils), scarps on alluvial and 

colluvial surfaces, shutter ridges, benches, degraded mole tracks, and offset or deflected 

streams (Figures 5, 6; Appendix B,  Part B). The occurrence of faulting beneath mapped 

lineaments was locally confirmed by fresh fault gouge in gully exposures along the 

lineaments (Figure 3a). We generally noted a high degree of accuracy in our satellite-
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imagery-based map of the paleorupture during field examination. Narrow erosional 

gullies and streams were easily distinguished from faulting based 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 from large, dual-tracked 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) with firm, smooth surfaces due to repeated traffic and 

manual removal of obstructions (Figure S1) and tend to cluster near locations of human 

interest (e.g., tactical vantage points). Footpaths also follow microtopography by 

contouring in and out of gullies, following ridgelines, avoiding steep talus slopes, and 

curving around obstructions such as boulders or shrubs. In contrast, the paleorupture 

follows pre-existing mapped fault traces straight across alluvial and colluvial surfaces as 

if cut by a vertical fault plane. The paleorupture trace also cuts across steep gullies and 

talus slopes where footpaths would be impractical. As a result, we have a high degree of 

confidence in our map of the paleorupture extent, at least where geomorphic surfaces 

provided good preservation. Offset 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 fault on the southwest flank of Hidalgo Mountain (Figure 2). 

We hand excavated two shallow fault-perpendicular trenches (4-m-long T1 on the east 

and 10-m-long T2 on the west) in a small depositional zone formed by an uphill-facing 

scarp in October 2019 and January 2020 (Figures 7, 8). The trenches are separated by a 3-
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m intervening zone of boulder-rich deposits that prevented the excavation of a single 

continuous trench. The trenches are located along a stretch of the paleorupture that is 

geomorphically sharp and young in appearance (see below). Trench walls were cleaned, 

gridded by hand, and photographed. We constructed orthorectified photomosaics from 

the trench photographs using the Structure-from-Motion photogrammetric software 

Agisoft Metashape following the procedure 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. Samples were collected with 1.5ï2-inch diameter 

steel and PVC tubes that were driven into the trench wall using standard field collection 

procedures (additional methods provided in Appenxix B, Part C). Ages were measured on 

aliquots of both quarts (optically stimulated luminescence ï OSL) and feldspar (infrared 

stimulated luminescence ï IRSL). These samples provide the only age control of the 

paleorupture, given that no charcoal or other datable material was observed in trench 

exposures. 

 

Results 

Paleorupture Observations 

 We found mappable geomorphic evidence of paleorupture along a continuous 18-

km-long zone of the Calico and Hidalgo faults (Figure 2). The paleorupture is expressed 

as a semi-continuous network of anastomosing thin, light-colored lineaments and surface 

disruption that follows the originally mapped fault traces (Figure 3). We ground-truthed 

58% of this surface rupture trace in the field (indicated by red and salmon traces in Figure 
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2), whereas the remainder was mapped only using satellite imagery due to difficulty of 

access (indicated by yellow and white traces in Figure 2). Red and yellow traces indicate 

where the paleorupture is well defined by evidence (44% of mapped traces), whereas 

salmon and white traces indicate where the surface rupture is 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 Mountain. It is 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 

surface rupture trace in those areas is discontinuous 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 reflect the full surface rupture 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 due to mobilized sand from an 

older folded Quaternary alluvium that comprises the 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 ñpocketsò that occur locally along the west flank of Hidalgo Mountain. 

In contrast, the paleorupture is best preserved in dissected piedmont alluvial surfaces or 

gently dipping colluvial slope deposits, which are less geomorphically active, older, and 
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thus contain more cohesive and resistant soils and pavement. Given that the northern and 

southern limits of the mapped paleorupture may reflect preservation, it is plausible that 

the surface rupture 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 historic 

surface ruptures of the 1992 Landers and 1999 Hector Mine earthquakes (Figure 3b). The 

rupture traces from these historic earthquakes follow a similar pattern of good 

preservation in cohesive older geomorphic surfaces and poor preservation in sandy basin 

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 0.5ï1 m wide zone of loose surficial deposits, in which desert pavement 

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 zone is marked 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 manifest in soft 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. A small fault scarp (0.5ï1 m high) 

occurs only locally on the northern Hidalgo fault and exhibits a gentle, convex 

morphology due to the coarse, non-cohesive, young deposits it occurs in. The 

paleorupture trace is also lost in active washes that presumably resurface at the decadal 
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timescale. We 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 Figure 2. Based 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 displacements 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. The responsible fault is also near vertical in exposures (Figure 3a), consistent 

with a predominantly strike-slip fault. We measured 37 right-lateral offsets with minimal 

vertical displacement (Table 2; Appendix B, Part B). Offset features included ephemeral 

gullies, shutter ridges in colluvium, spur ridges, and debris-flow lobe deposits (Figure 6). 

Right-lateral offsets are as small as 0.7±0.2 m but are typically ~1ï3 m (Table 2). Larger 

offsets are also present, which are likely cumulative from multiple earthquakes given 

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 slip. Errors were assigned to each measurement based on the evaluated 

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 

substrate), which we estimate to represent 2ů uncertainties (Table 2). The distribution of 

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 parallel, overlapping 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 peak on the COPD 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 the upper limit of observed slip in historical 

ECSZ rupture (Sieh et al., 1993; Scientists from the USGS, 2000; Madden et al., 2013). 

The 1-km-running average of 2.45±0.6 m in offsets < 6 m (n=31, 7 of which are grouped 

into one sub-average because they are closely spaced on occur on overlapping fault 

strands) across the mapped paleorupture matches closely with the largest COPD peak and 

exhibits a typical variation for displacement along a strike-slip rupture for historic 

earthquakes (McGill and Rubin, 1999; Gold et al., 2013; Figure 9). This observation 

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

single continuous surface rupture along the combined Calico-Hidalgo faults. 

 

Paleoseismic Observations 

 The paleoseismic trenches on the Hidalgo fault on the west flank of Hidalgo 

Mountain span the depositional zone of a partially-closed, 20-m-wide trough formed by 

an uphill-facing 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 m long, 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 trough midline 
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(Figures 7, 8a; Appendix B Figure S2). Trench T2 (10 m long, 0.5ï1.5 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, 8b, Appendix B Figure S2). The 3-m-long span 

between the trenches consists of a structural high of dense, boulder-rich colluvium that 

was too difficult to excavate by hand (Appendix B Figure S2). The structural high also 

divides source areas for the eastern and western portions of the trough, with distinct 

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 

boulder-rich colluvium beneath the finer-grained units of the trough that were too 

difficult to excavate. 

 Both trenches expose sequences of well-defined fine-grained deposits and 

interbedded cobbly units that were deposited in the trough. The fine-grained deposits 

were likely transported as sheetwash or deposited in standing water 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 well-sorted fine-grained sand deposits (units T1-100, T1-150, T1-

200, T1-300, T1-400) with two interbedded, poorly-sorted, clast-to-matrix supported 

cobble layers (T1-250, T1-350; Table 3; Figure 8a). The upper cobble layer (T1-250) 

exhibits a wedge-shaped geometry and thickens upslope to the east. Both cobble layers 

are disrupted by faulting (F1) on the west. The fine-grained units generally thicken 

towards the center of the trench and are juxtaposed against the coarse colluvial unit (T1-

C1) of the footwall by faulting (F1). In particular, T1-200 thickens toward the middle of 

the trench, corresponding with where the base of the unit has been down-dropped 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 deformed adjacent to the F1 fault zone. The 

footwall unit (T1-C1) consists of poorly-sorted, matrix-supported, angular cobble 

colluvium with minor isolated lenses of finer-grained deposits. Trench T2 consists of 

horizontally-bedded fine-grained sediments draped over a gently west-dipping cobble-

boulder deposit (T2-C1) (Table 3; Figure 8b). The fine units are massive with limited 

internal stratigraphy and are differentiated by proportions of fine- to coarse-grained sand 

and are separated by sharp basal contacts. The uppermost unit (T2-100) is thickest above 

the western fault strand (F2) and pinches out ~4 m to the east. Unit T2-200 fines eastward 

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

Units T2-200 and T2-300 are cut by faulting on the west (F2), which juxtaposes the 

depositional trough against coarse, poorly-sorted, angular colluvium (T2-C2). Fault zone 

F1 in trench T1 is ~1.5ï2 m wide and primarily steeply dipping to the east, but includes 

several antithetic dipping faults. 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 one identifiable faulting event in trench T1 (Event 1A) as occurring 

between the deposition of units T1-150 and T1-200 (Figure 8a). Layers T1-100 and T1-

150 both appear undeformed across fault zone F1. Unit T1-150 coarsens westward from 

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

fault zone, suggesting it includes reworked footwall material and is a scarp-derived 

colluvial wedge. Unit T1-200 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 T1-200, 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 blocks of T1-200 beneath post-earthquake colluvium. The primary east-dipping 

splay in fault zone F1 clearly truncates and deforms T1-200 and cannot be traced above 

the basal contact of T1-150. The basal contact of T1-200 is faulted in numerous places, 

with 5ï20 cm vertical offsets along west-dipping, antithetic fault splays. These faults 

similarly cut all layers below T1-200 and are truncated against the coarse colluvium unit 

(T1-C1). 

 Two faulting events can be interpreted from Trench T2 (Figure 8b). We interpret 

Event 1B as occurring between units T2-200 and T2-100, the latter of which appears 

undeformed atop and across the fault zone (F2). Unit T2-100 is loosely consolidated, 

thickest and coarsest near the fault zone, and pinches out towards the east, suggesting it 

may have been derived as colluvium from reworked fault scarp material. Unit T2-200 is 

truncated by closely-spaced fault splays that terminate at or just below the sharp contact 

with T2-100, which juxtapose T2-200 against the coarse, poorly-sorted, angular 

colluvium of the footwall (T2-C2). Unit T2-200 is more cohesive than T2-100 and may 

have formed a prolonged depositional surface before the faulting event. The contact 

between T2-100 and T2-C2 is more difficult to define west of the fault zone, due to the 

limited remobilization of T2-C2 deposits to form T2-100 and the resulting similarity in 

the appearance of the units. However, this portion of T2-100 is less cohesive and contains 

a higher proportion of matrix than T2-C2. Although the temporal relationship 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/T1-150 and T2-100). 

 We interpret a possible second event in trench T2, Event 2, as occurring between 

units T2-200 and T2-300 (Figure 8b). Unit T2-200 exhibits similar characteristics to T1-

100 as a potential scarp-derived sediment, in that it thins and fines eastward away from 

the fault zone (F2) and has an east-dipping 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 T2-300 was deposited before Event 2. Unit T2-300 is well-

sorted fine- to medium-grained sand and does not thin or fine away from the fault zone 

(F2). Unit T2-300 also exhibited subtle blocky soil structures near the top (e.g., at meter 

14; Figure 8b) when examined closely in the field that 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 T2-300 exhibits a slight kink or fold at meter 16.2 

(particularly evident on the north trench wall at meter 15.7; Figure 8b) that is not present 

at the top of T2-200, suggesting T2-300 was deformed before deposition of T2-200. We 

thus interpret that unit T2-300 was deposited in the trough formed by a prior event and 

then deformed by Events 1B and 2, whereas unit T2-200 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 from T1-200 provide identical feldspar IRSL ages 

of 1.7±0.1 ka. A third sample from T1-200 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 pre-deformation stratigraphy within unit T1-200. 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 after the deposition of the sample T101 sediments. A luminescence age for layer 

T1-150 above is slightly older (2.4±0.2 ka). We interpret this out-of-sequence age to 

result from reworked scarp-derived sediment that was partially or very poorly bleached, 

based on the distribution of single-grain DE 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 post-date the ~1.7 ka depositional age of T1-200. Given that 

the age for T1-150 is questionable, there is no upper age bracket for Event 1A. Ages from 

trench T2 do follow stratigraphic order, with one age from T2-300 of 6.6±0.4 ka that 

would pre-date Event 2. An age of 5.5±0.3 ka from the base of T2-200 provides a 

minimum age for Event 2. An age of 2.8±0.2 ka from the top of T2-200 provides a 

maximum age for Event 1B. The minimum age of Event 1B is the age of T2-100. Sample 

T203 from layer T2-200 yielded a quartz age of 0.5±0.1 ka and a feldspar age of 0.9±0.1 

ka. We prefer the feldspar age of 0.9±0.1 ka based on the single peak in the distribution 

of single-grain DE (Average Equivalent Dose; Table 1) measurements, as opposed to the 

broad, multi-peaked distribution of single-grain DE measurements on quartz grains 

(Appendix B, Part C). If Event 1B is correlative to Event 1A, the younger ages for T1-

200 (~1.7 ka) narrows the timeframe of the most surface recent rupture. Given that the 

trenches cross the mapped paleorupture, luminescence ages imply a likely age for the 

most recent multifault surface rupture of the Calico-Hidalgo fault as 0.9ï1.7±0.1 ka. 
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Discussion 

The scope of the paleorupture 

 We have identified 18 km of youthful-appearing surface rupture on the Calico-

Hidalgo faults that likely occurred in the late Holocene (~0.9ï1.7 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 ruptures and may have had a similar length (see 

below). Although this event preceded these historical ruptures by one to two thousand 

years, the timing of the Calico-Hidalgo paleorupture fits within the age range of the most 

recent earthquake cluster in the ECSZ (present 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 (~2.8ï5.5 ka) with the penultimate 

earthquake cluster (~5ï6 ka; Rockwell et al., 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 recent paleorupture on the Calico-Hidalgo 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 for average earthquake slip and rupture length, the true rupture 

length for this event may have been ~82±13 km, which would correspond to a Mw 

~7.4±0.1 earthquake (Wells and Coppersmith, 1994). The empirical relationships from 

Wesnousky (2008) predict even longer rupture lengths of ~100 km (log-linear 

relationship) and ~130 km (power-law 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 rupture length. 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 53±7 km and MW~7.1±0.1 (Wells 

and Coppersmith, 1994). Scaling laws may also be of limited use for comparison to 

immature fault systems like the ECSZ, where proportionally more of the deformation 

may be accommodated as off-fault deformation that is not accounted for in our 

measurements of offset along the paleorupture (Shelef and Oskin, 2008; Milliner et al., 

2015, 2021). The Hector Mine rupture may provide a useful comparison, however. This 

rupture exhibited a similar mean slip (2.5ï3 m) yet has a mapped surface rupture length 

of 45 km (Treiman et al., 2002). Based on this comparison, it seems likely that the actual 

surface rupture on the Calico-Hidalgo fault was greater than the 18-km length of the 

mapped paleorupture zone. Most of the surficial evidence for the original paleorupture 

may have been erased by erosion. 

 If the Calico-Hidalgo surface rupture 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 

evidence for four Holocene earthquakes (0.6ï2.0, 5.0ï5.6, 5.6ï6.1/7.3, and 6.1/7.3ï8.4 

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 

events overlaps in age with the age of Event 1 from our trench (0.9ï1.7 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 minimum surface 
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rupture length of this event was closer to or even longer than ~60 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 along scarps along an 

8 km stretch of the Calico fault to the north (Ganev et al., 2010), which peak at 2.0±1.0 m 

for the most recent event (i.e., similar to the average slip of 2.3 m for our mapped 

paleorupture) and 4.7±2.0 m for the penultimate event (which could represent two 

closely-spaced 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 Calico fault visible on satellite 

images in Google Earth satellite images and available lidar are also comparable to those 

along the southern Calico-Hidalgo paleorupture, in that both appear as continuous, 

narrow zones of surface disturbance and a light-colored, sharp lineament (Appendix B 

Figure S4). We, therefore, conclude that it is possible that these were the same surface 

rupture event. We caution that this correlation is based mainly on average displacement 

and general appearance of the surface rupture, however, given that the age control in 

either both locations relies imprecise luminescence ages with wide age uncertainties that 

alone permit separate or sequential earthquakes (Ganev et al., 2010).  

 The Calico-Hidalgo surface rupture possibly continued south of the 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 at least late Pleistocene activity, but 

does not have a well-defined 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 not have 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). Previous paleoseismic studies have identified 

Holocene ruptures on the Mesquite Lake fault. Foster (1992) found evidence for at least 

one earthquake in the last 1.3 ka, which is supported by more recent investigations by 

Menges et al. (2022) that found evidence for an event at ~1.3 ka on the Mesquite Lake 

fault and fits with the age range for the paleorupture on the Calico-Hidalgo fault. Madden 

et al. (2006) identified three Holocene events on the Mesquite Lake fault, the youngest of 

which is constrained as between 2.7ï7.4 ka (more likely within the 3.9ï4.6 ka range), but 

did not identify the younger event of Foster (1992) and Menges et al. (2022). The average 

slip during these events was ~1.6ï2.4 m, which based on scaling relationships suggests a 

surface rupture length longer than the Mesquite Lake fault itself and thus suggests a 

multifault rupture (Madden et al., 2006). Connecting the young surface rupture on the full 

length of the Mesquite Lake fault to the paleorupture of the Calico-Hidalgo fault adds at 

least 40 km of surface rupture, implying a minimum surface rupture length of 58 km if 

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 mapped paleorupture at 0.9ï1.7 ka. The surface rupture 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 in length to the 1999 Hector Mine and 1992 Landers surface 

ruptures (45 and 85 km length, respectively). Alternatively, the paleorupture could have 



68 

 

continued in both directions for a rupture length of ~100 km, which is comparable to the 

length predicted from empirical scaling relationships with the observed 2.3 m mean slip 

(but inconsistent with a comparison of slip-to-length ratio in the Landers and Hector 

Mine earthquakes). Although other scenarios are plausible, we infer that the 0.9ï1.7 ka 

paleorupture was longer than the trace we mapped and involved at least two or three 

major faults. If this inference is correct, the event was consistent with the length and 

multi-fault the character of historic surface ruptures and the observed paleoseismic 

earthquake clustering 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 responsible 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 rupture could prevent the Calico fault system from 

experiencing a triggered rupture due to stresses induced by the Landers or Hector Mine 

earthquakes, by relieving tectonic strain and resetting the seismic cycle. To examine these 

possibilities, we conducted Coulomb Failure Function (ȹCFF) stress modeling of 

different possible scenarios of a Calico-Hidalgo rupture. This approach has been widely 

applied to 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 Robinson, 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 Calico-Hidalgo-Mesquite 

Lake faults (A-E, Appendix B Figure S5). These scenarios vary from the pattern of the 

mapped paleorupture with slight variations in slip (18-km-long, Scenarios A and B, 

Appendix B Figure S5), to a mid-range scenario in which the mapped paleorupture 

continues to the north along the Calico fault (63-km-long, Scenario C, Appendix B 

Figure S5), to a maximum rupture length of 89 or 112 km involving continuation of 

rupture to the north and to the south on either side of the Hidalgo or Calico-Mesquite lake 

fault (Scenarios D and E, Appendix B Figure S5) or 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 than Scenario D (the preferred 

scenario), given that the strong geomorphic expression of the southern Hidalgo fault 

makes it probably that the surface rupture continued southwards and because the rupture 

length of Scenario D fits closely with the prediction from the scaling relationship from 

the mean displacement. We modeled each scenario with a range of coefficients of internal 

friction (0.2, 0.4, and 0.6) and modeled Scenarios D and E (the most likely scenarios) 

with variable fault depth (10 and 18 km) and fault slip (2.3 and 5 m), resulting in a total 

of 36 scenarios (Appendix 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, Parsons and Dregger, 2000; Freed and Lin, 2002; 
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Toda et al., 2005). The 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 finite fault rupture models (Cohee and Beroza, 1994; Ji et 

al., 2002).  

 Each rupture scenario we tested for the Calico-fault-system results in stress 

shadows, or clamping (i.e., negative ȹCFF), for most of the Landers and Hector Mine 

ruptures (e.g., Scenario D, the favored interpretation, Figure 11). Large positive ȹCFF, 

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 later historic earthquakes. A 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 positive ȹCFF at the Hector Mine hypocenter 

(Appendix B, Figure S6). Local positive ȹCFF also occurs along the trace of the 

simulated Calico-fault system rupture itself, primarily at minor bends or stepovers in the 

rupture trace (Figure 11).  All scenarios also result in negative ȹCFF for the high-slip 

portions of each historic surface rupture, such as along the Emerson fault for Landers 

earthquake and the Lavic Lake fault for Hector Mine earthquake (Sieh et al., 1993; 

Treiman et al., 2002; Appendix B Figure S6). These results indicate that static stress 

induced by a rupture of 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 (0.9ï1.7 ka) and the historic events similarly implies the latter were not 

induced, given that triggering via ȹCFF generally occurs on a timescale shorter than 

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 historic events (e.g., Harris and Simpson, 1998).  

 The alternative possibility, that the paleorupture prevented a triggered rupture on 

the Calico fault system following the Landers-Hector Mine sequence, seems more 

plausible. Previous studies have shown that the Landers 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 positive ȹCFF occurred in the epicentral and high slip area of the Hector 

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 et al., 1993). 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 distribution on the 

Landers rupture and 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 ȹCFF (Wyss and Weimer, 2000). Several additional factors may have 

also added to the original triggering effect of Landers and help explain why there was 

such a long delay (7 years) before the Hector Mine earthquake, including continued 

tectonic loading, dissipation of pore fluid pressure gradients, rate- and state-dependent 

friction effects, post-seismic 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, 2002; Kilb et al., 2002). 

Given that viscoelastic relaxation is greatest directly adjacent to a rupture, this effect may 



72 

 

have been greater on the Calico fault (Pollitz and Sacks, 2002). In turn, viscoelastic 

loading due to Hector Mine would have further stressed the Calico 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 (0.9ï1.7 ka) seems to have prevented the Calico fault system from being 

critically loaded (i.e., near failure) with elastic strain (e.g., Pollitz and Sacks, 2002; 

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

 In summary, this analysis of ȹCFF suggests that the paleorupture of the Calico 

fault system did not bring the Landers and Hector Mine faults closer to failure, but rather 

may have delayed their historic rupture and may have precluded the need for a triggered 

rupture on the Calico fault following the Landers and Hector Mine earthquakes. This 

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 the Calico paleorupture 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 may be warranted as new paleoseismic 

observations become available. 

 

Implications 

 Our results suggest that the Calico fault system had already experienced a major, 

multifault rupture in the modern to late Holocene earthquake cluster before the historic 

Landers and Hector Mine earthquakes (Figure 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 the north by Ganev et al. (2010) was likely a large 

surface rupture that involved numerous faults and may have spanned the entire length of 

the fault system between the subsequent Landers and Hector Mine surface ruptures. This 

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

more frequent but smaller rupture patches. For example,the patchiness of positive ȹCFF 

induced along the Calico fault system by the Landers and Hector Mine ruptures might 

have indicated that ruptures along 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), if Calico fault ruptures were to follow or be 

induced by Landers or Hector Mine ruptures. Langenheim 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 the Emerson 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, 2002). Our data instead 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, multifault surface rupture on the Calico 

fault system provides a more detailed history of ECSZ activity in the Holocene, the 

physics of multifault ruptures and earthquake clustering in the region remain poorly 

understood. One mechanical model for clustered earthquakes in the ECSZ is a simple 

oscillator model, in which positive ȹCFF throughout numerous earthquake cycles 

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 clustered events on the combined Landers 

and Hector Mine faults, given that its slip rate and recurrence interval are higher based on 

existing data (Oskin et al., 2007; 2008; Ganev et al., 2010; Xie et al., 2018). Our 

inference that the Calico fault system experienced a large rupture ~1ï2 ka before the 

Landers-Hector Mine cluster, and that this rupture would have placed these faults in a 

ȹCFF stress shadow, is consistent with the idea that the Calico fault system is at least 

somewhat independent, i.e., neither triggers nor is triggered by Landers-Hector Mine 

style ruptures. While the Calico fault system may operate independently, its ruptures may 

also ñrepelò clustered rupture events on neighboring faults, i.e., force them to occur later, 

or be out-of-phase. Even if the Calico fault system does operate in the same general 

clustering of earthquakes in the ECSZ (i.e., as implied by Figure 10) despite its different 

slip rate, its ruptures may still repel other events, thereby "stretching" out the duration of 

a given earthquake cluster.  

 An additional uncertainty for the clustered earthquakes in 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 likely to occur throughout the 

clustered earthquakes, based 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 direction ruptures propagate, i.e., N to S, 

or S to N. This is supported by subsequent paleoseismic data, which indicate that each 

fault does not rupture the surface in every earthquake cluster (Rymer et al., 2002; 

Madden et al., 2006; Ganev et al., 2010; this study; Figure 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 Johnson Valley fault, which are discontinuous, 

transpressive, and bend westward towards the north, as well as intervening, north-south, 

transtensional connector faults, e.g., the Kickapoo fault. Ruptures initiating in the south 

that propagate northwards may take advantage 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 may further 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 fully known for each fault. 

 Our results also have implications for studies of earthquake geology in the region. 

Our study suggests that continuous portions of large (Mw>7.0) strike-slip surface ruptures 

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 in the region 

(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 prehistoric surface ruptures based on tectonic geomorphology have 

only rarely been identified (e.g., Thompson Jobe et al., 2020; Chupik et al., 2022). The 

historic surface ruptures of strike-slip faults are locally preserved and still mappable even 

after more than a century (e.g., Mueller and Rockwell, 1995). How long such ruptures 
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can be preserved, however, is not generally known and is likely variable by location and 

lithology of neighboring bedrock. In the case of the Calico-Hidalgo paleorupture, 

preservation seems to result from limited erosion and isolation from 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, non-cohesive alluvium of broad valleys. This limited 

preservation implies that the localization of strike-slip faults along mountainous ridges, 

such as common along transpressive systems, may be an important pre-condition for 

preserving prehistoric strike-slip surface ruptures. 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 high fault activity may result in overprinting and overlapping of 

evidence.  

Based on these potentially important criteria, the transpressive, moderately-active 

ECSZ (1ï4 mm/yr slip-rate, 1ï10 ka recurrence intervals; Rubin and Sieh, 1997; 

Rockwell et al., 2000; Madden 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 high-resolution satellite imagery and locally available 1-m resolution lidar 

(EarthScope, 2009; U.S. Geological Survey, 2017), we have identified several other 

potential paleoruptures besides the Calico-Hidalgo 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 34.54224°N, 116.76531°W) exhibiting relatively continuous, sharp 

scarps and 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 recent earthquake of 1.2ï2.5 ka (Padgett, 1994; Khatib, 2004), suggesting this 

preserved paleorupture is similar in age to the Calico-Hidalgo paleorupture. Another 

example is the little-known Humbug Mountain fault, which connects to the sinistral Pinto 

Mountain fault zone and the dextral Pisgah-Bullion 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), although 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 for future 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 expect future events 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 0.9ï1.7 ka, meaning that it may not be fully loaded with tectonic strain 

for failure in the near future. Ganev et al. (2010) found that the northern Calico fault at 

Newberry Springs ruptured twice in a short period during the penultimate earthquake 

cluster (5ï5.6 ka), however, such that we cannot rule out another Calico surface rupture 

in the modern cluster. Based on the regional pattern of surface ruptures, and on the 

paleoseismic data and historical observations, the only major faults in the southern ECSZ 

that are not known to have ruptured in the modern earthquake cluster are the northern 

Johnson Valley, southern 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 refine 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 Calico-Hidalgo 

faults as having formed during the most recent rupture of these faults. Based on our 

paleoseismic observations and luminescence ages, this rupture occurred between 0.9ï1.7 

ka, thereby placing the event within the most recent earthquake cluster of the southern 

ECSZ. Based on the ~2.3 m average right-lateral 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 was significantly 

larger than its 18-km mapped length. Scaling relationships using this mean displacement 

suggest the paleorupture may have been ~82 km long, and thereby could have involved 

the entire Hidalgo fault and continued at least 42 km northward to connect the 0.6ï2.0 ka 

most-recent surface rupture 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 and was characterized by a multifault rupture pattern of 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 connect to a recent event (~1.3 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 system 1ï2 ka before the historic Landers and Hector Mine earthquakes, 

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 Coulomb Failure Function analysis, the paleorupture of 

the Calico-Hidalgo 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 Hector Mine earthquakes from 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 activity in the ECSZ (e.g., Dolan et al., 2007), individual fault 

ruptures may repel, i.e., maintain out-of-phase behavior (e.g., Scholz, 2010) with each 

other via static and dynamic stress changes, thereby lengthening the duration of 

earthquake clusters. The resulting 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 along it.  

 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 traceable as surface 

rupture zones using high-resolution 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 

suggests that other such young ruptures may yet be identified in the ECSZ. 
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Figures 

 

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. Darker 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 Bernardino strand, 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. Landers and Hector 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 paleoseismic site (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, LLF = 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: Map of the paleorupture of the Calico and Hidalgo faults. Area of the figure 

shown in Figure 1b (top left corner = 34.56491°N, 116.37362°W, bottom right corner = 
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34.35558°N, 116.29768°W). The entire map area occurs within the limits of the 

MCAGCC. Mapped paleorupture is color-coded by confidence and strength of evidence, 

as well as whether or not it was mapped directly in the field (red, salmon), or only from 

satellite images (yellow, white) (see legend). Blue traces represent clear faulting along 

the Calico fault that exhibits a different geomorphic character (i.e., in deposits of 

different lithology), which may have formed as a separate event(s). The inferred 18 km 

total paleorupture length includes all colored fault traces shown on map. Select older 

faults without evidence for recent 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 location 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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Figure 3: Google Earth images showing paleorupture and exposure of the Hidalgo fault 

compared to the historical Hector Mine rupture. A) 3D view (30° inclined viewing angle) 

of the rupture trace along the Hidalgo fault on the west flank of Hidalgo Mountain using 

available satellite imagery (acquisition date 9/8/2018; Landsat/Copernicus) on Google 

Earth and topography with no exaggeration. The paleorupture appears as an 

anastomosing white lineament. The lower panel 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 (34.4478°N, 116.3333°W), which reveals fault gouge and breccia 

associated with the lineament. B) Comparison of the 1999 Hector Mine rupture on the 

Lavic Lake fault (top; 34.5968°N, 116.2984°W) and the paleorupture on the Hidalgo 

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

in Figure 1a). In both cases, the rupture trace is expressed as similar anastomosing white 

lineaments that cross alluvial and colluvial surfaces with 2-3 m dextral offset and 

minimal vertical offset (0-0.15 m). The inset of both images shows the mapped 

paleorupture for the same image (red lines). 
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Figure 4: High-resolution DEM based on structure-from-motion (SfM) analysis of high-

resolution aerial 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 images from two 

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 by yellow 

arrow. Upper image (A) shows just the hillshade of the DEM, whereas the lower image 

(B) shows the hillshade with mapped faults in red. Faults shown are those based on 

features visible in the DEM and may differ from the final rupture map, that is based on a 

combination of remote and field mapping. Inset of the upper image (A) shows blow-up of 

two right-laterally offset gullies (H39 and H40; see Table 2), which are particularly well-

defined in the DEM. Coordinates of both maps are upper left = 34.42927°N, 

116.31630°W, lower right = 34.42005°N, 116.31446°W. 
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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 location of the rupture. A) Paleorupture 

along the Calico fault (34.4956°N, 116.3592°W), showing white lineament, slope break, 

shallow trough, and disrupted ground. Note people for scale. B) Paleorupture along the 

Calico fault (34.47706°N, 116.33881°W), showing slope break, trough, and smooth 

ground. Note the person for scale. C) Paleorupture along the Hidalgo fault (34.4503°N, 
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116.3342°W), expressed mainly as lineament and slope break (boulder in center is 

approximately 1-m diameter). D) Paleorupture on the Hidalgo fault (34.4233°N, 

116.3147°W), showing slope break, disrupted 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 approximately 0.3-m-diameter). E) Paleorupture 

on the Hidalgo fault (34.4048°N, 116.2921°W) from a distance, showing sharp 

lineament, slope break, and sharp shutter ridges. F) Slope map from 

SfM/photogrammetry-based high-resolution DEM along the Calico fault (image center = 

34.47893°N, 116.33944°W), illustrating the 0.5-1.0-m-wide slope break that is 

continuous across the gully and defines the rupture trace (between black arrows). 
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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 delineate the offset 

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 pierce points 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 the Calico 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 the position of features shown on the DEM (i.e., 

for better accuracy). Locations are as follows: C11 (offset ridge) = 34.4954°N, 

116.3588°W; C24 (offset gully bottom) = 34.47088°N, 116.33385°W; H37 (offset lobe 

of colluvium) = 34.4267°N, 116.3158°W; H39 (shutter ridge) = 34.4097°N, 

116.2976°W; center of DEM = 34.4955°N, 116.3591°W. 
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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 west flank of 

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 trench site. Pink lines 

denote trenches T1 and T2 (spoils piles visible just south of trenches). Endpoints of 

trenches are T1: 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°W. Contour interval is 0.2 m. 

Black lines denote flow directions of gullies into the low-relief trough that sits behind an 

uphill-facing scarp. Location of image shown by box in Figure 7a. C) Unexaggerated 

topographic profile through the trenches and faults along AA' (location shown in Figure 

7a). D) Pre-excavation 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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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 2019OSL1 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 the south wall and 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 the eastern trace (F1) of the 

paleorupture. Displacement across the primary east-dipping fault zone (red lines) 

generates an uphill-facing scarp of colluvium (T1-C1) that traps fine-grained sediment 

(units T1-100, -150, -200, -300, -400) with intermittent deposition of coarse-grained 

sediment (units T1-250, -350) The most recent rupture occurred with unit T1-200 at the 

ground surface, as illustrated by fault truncations and the blocky, internally-deformed 

character of this unit. Unit T1-150 records the initial phase of post-earthquake deposition 

and grades into scarp-derived colluvium. This trench was re-excavated and expanded 

Fig 8b 














































































































































































